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ABSTRACT
Gas pre-drainage is carried out in underground gassy coal seams to decrease the gas
content and create a safe working environment for underground coal mining. However,
in some low permeable coal seams, particularly those of high carbon dioxide (CO2)
content, the performance of gas pre-drainage is far from satisfactory, and thus leading to
delays in production schedules. This problem has been encountered in several coal mines
located in the southern Sydney Basin, including Metropolitan Colliery, Appin Colliery
and coal mines in Queensland. In order to improve the gas drainage performance and
reduce the gas drainage leading time, a new technique inspired by enhanced coalbed
methane production (ECBM) is put forward by injecting nitrogen (N2) into the targeted
coal seams via gas boreholes to accelerate gas drainage. The objective of this study is to
investigate the mechanism of N2 injection enhanced gas drainage in underground coal
mines. The following work is carried out in this thesis.
A literature review was conducted to understand the mechanism of gas sorption and
transportation characteristics for different types of gas. The main focus has been on the
CO2, N2 and methane adsorption of coal and sorption induced strain. The sorption
capacities and sorption preferences of these gases are reviewed from laboratory
experiment aspect. Meanwhile, the gas transportation through coal seam is also reviewed
from laboratory gas flushing tests, which mainly focuses on CO2-ECBM and N2-ECBM.
Comparisons are made between ECBM and enhanced gas drainage from different aspects
and it is found that the performance of enhanced gas drainage in underground mining is
better. One reason is that the geological conditions for coal mining, such as the depth of
cover, is better than ECBM projects. Another reason is the size of the field site is smaller
for underground mining. For CBM production, the larger distance between injection well
and production well makes the gas more difficult to breakthrough. As a result, the
injection parameters (injection pressure, injection time, injection methods) are easier to
control.
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Coal samples were collected from the coal mine which was chosen as the field trial site.
The coal sorption characterization tests were carried out in the laboratory including gas
diffusion-adsorption test, sorption isotherm test and sorption induced strain measurement
by using these three different gases (CO2, N2 and methane). An experiment of CO2
replacing adsorbed CH4 without applying any stress on the coal sample was performed,
which was aiming to investigate the replacing effects purely from gas adsorption aspect.
These tests show the adsorption preference of CO2 on coal is much higher than that of
CH4, which is a finding consistent with many other studies. It is much harder for gas
drainage work in CO2-rich coal seams: much longer gas drainage leading time is required.
The adsorption induced swelling is another key findings and it is showed that the strain
has a positive correlation with the adsorption volume.
Laboratory experiments of N2 flushing test were also performed by using cylindrical coal
samples which were the same coal as that of the adsorption test. The standard coal
specimens with the dimension of 54 mm in diameter by 112 mm in length were placed in
a triaxial confining testing rig. CO2 was firstly injected into the triaxial sample cell to
saturate the coal specimen and then N2 was injected to flush it. During the tests, different
testing conditions were applied to the rig to mimic different flushing scenarios, including
the confining pressures, N2 flushing pressures, CO2 saturation pressures. By monitoring
the flowrate and gas composition, the flushing performance was evaluated. Two different
injection methods were adopted: the continuous injection method and the cyclic injection
method. For the continuous injection method, the N2 injection pressure was kept constant
until the completion of the test. Different injection cycles were applied to the rig for cyclic
injection method which was carried out by dividing the injection process into several
cycles. In each cycle, N2 was injected for three hours and a non-injection period of 20
hours was followed. The testing results demonstrate that N2 injection can effectively
improve the CO2 recovery ratio and reduce the residual CO2 content. For continuous
injection method, more nitrogen is consumed and a faster recovery is achieved; but for
cyclic injection method, much less nitrogen and longer injection time of period is required
to reach the same performance as the continuous injection method.
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A binary gas migration model through coal seams is developed by considering gas
adsorption and transportation characteristics. The effects, like binary gas adsorption,
counter diffusion, sorption induced strain, permeability variation and competitive
adsorption, were included into this model. This model is verified through laboratory
experimental results. A good match is found between the experimental results and the
numerical modelling results, which means this model is competent to illustrate the N2
flushing process under the testing conditions. Moreover, this model is up-scaled to field
size to simulate N2 flushing enhanced gas drainage through underground in seam gas
drainage boreholes.
Field trials of N2 flushing were carried out in the Metropolitan Colliery by using the
underground inseam boreholes. After assessing the trial scale, trial location, seam
environment, borehole configuration and site logistics, two boreholes were drilled at a
spacing of 10m and 36m in length, using directional drilling rig. Both boreholes used an
18m standpipe length to improve borehole drilling integrity and minimize potential
leakage. Four cores were collected during drilling, and gas contents measured with a
maximum value of 5.45 m3/t and almost pure CO2. Before commencing nitrogen injection,
both boreholes were shut-off to establish their base borehole pressure, gas flow rate and
composition. Monitoring data showed that only a low flow rate was observed in one of
the boreholes, indicating most the seam gas was residual gas (Q3) trapped in coal matrix
that is hard to drain out during normal drainage process. Compressed nitrogen gas in bottle
(pressure at 30 MPa) was used as the injection gas source, and eight of the 12-bottle
nitrogen packs were delivered to underground trial site. A total volume of 3,000m3
nitrogen was injected into one of the boreholes (injection hole) at four stages. Gas samples
were collected from the other borehole (production hole) and subsequently sent to UOW
gas laboratory for analysis using Agilent's Gas Chromatography (GC). Field observations
and gas sample analysis indicated the following:
•

Nitrogen flushing of gas drainage boreholes can stimulate and accelerate coal
seam gas recovery and desorption, even for the absorbed seam gas CO2 in coal
matrix, in low to medium permeable seams;
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•

A break-through or kick-start pressure is needed and critical to push the injected
nitrogen passing the targeted coal seam (gas reservoir) from the injection hole to
the production hole. When the injection pressure was smaller than 200 KPa, there
was no gas flow. The critical pressure was between 200KPa and 300KPa; a breakthrough time about 45 minutes was needed for the trial borehole configuration;

•

Continuous injection of nitrogen at higher pressure, higher than 600 KPa is
preferred at the initial stage when a portion of free gas exists in coal pores and
cleat systems;

•

The concentration of seam gas, in this case, mostly CO2 (higher than 99%),
remains in the range of 60% initially down to 25% at late stage of the flushing;

•

CO2 concentration drops with continuing injection at a later stage (after three
hours), showing desorption rate starts to dictate the flushing effect after all free
gas has been displaced;

•

Pulse injections, i.e., nitrogen was pumped at different intervals and pressures,
appear to be more efficient in enhancing the overall flushing performance,
particularly after nitrogen breakthrough, by providing time for gas desorption and
diffusion from coal matrix to cleat systems.

•

A strong post-nitrogen flushing effect is observed. After stopping nitrogen
injection for a period, approximately five hours, a rebound of a reasonable gas
flow and seam gas concentration was observed from the production borehole, CO2
percentage rising from 20% to 50%, indicating a post-effect of nitrogen flushing
with the desorption rate being a constraint of the longer term flushing effect.

Post flushing coring was drilled at the nitrogen trial site to assess the impact of the
nitrogen flushing activities on gas contents around the trial area. Due to site constraints,
this was only conducted almost 12 months after the completion of the flushing trials.
Compared with the nearest the core sample before nitrogen flushing, the gas content has
dropped from 3.89 m3/t to 2.9 m3/t, confirming the effectiveness of nitrogen flushing,
even considering the possibility of re-saturation or migration of seam gas from adjacent
VIII

high pressure reservoir. The trial results have been history-matched with the reservoir
numerical model to obtain a better understanding of the key design parameters affecting
the trials and establish a validated model which can accurately predict the trial
performance. History matching further proved the numerical model can be used as useful
and reliable tool for predicting nitrogen flushing effect in different coal seam reservoir
scenarios. This study has demonstrated that nitrogen flushing with UIS boreholes can be
used to accelerate gas drainage in hard-to-drain or low flow boreholes. This is a promising
technology for stimulating gas recovery from tight coal seams. The field trial has
established a work procedure that can be referred to and used in future field work.
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SYMBOLS AND ABBREVIATIONS
Symbols

𝐴

Cross-section area of the core specimen

Ad

Ash on a dry basis

b0

Fracture aperture before CO2 injection

b

Fracture aperture after CO2 injection

𝐶

Gas concentration in the sphere

𝑐𝑚

Gas concentration in matrix

𝑐𝑓

Gas concentration in cleat

𝑐𝑟

Grain compressibility of the coal skeleton

𝐷

Gas diffusion coefficient

𝐸

Young’s modulus

𝐹𝑖

Component of the body force in the i-direction

FCad

Fixed carbon on air-dry basis

𝐺

Shear modulus

𝑘

Coal seam permeability

𝑘0

Permeability at reference state

kN2

Coal seam permeability measured by N2

kHe

Coal seam permeability measured by helium

kco2

Coal seam permeability measured by CO2

𝐾𝑠

Coal grains’ bulk modulus

𝐾

Bulk modulus

𝐿

Core specimen length

Mad

Moisture on air-dry basis

𝑚𝑓

Gas mass in fracture

𝑚𝑚

Gas mass in matrix

𝑀𝑡

Amount of diffused gas at time 𝑡

𝑀∞

Total adsorbed gas after sorption

X

𝑛𝐻𝑒

Molar volume of helium

𝑃

Pressure

𝑃𝑎

Reference pressure

𝑃1

Inlet gas pressure

𝑃2

Outlet gas pressure

𝑃𝑓

Gas fracture pressure

𝑃𝑚 .

Gas matrix pressure

𝑝𝑐

Confining pressure

𝑃𝐿

Adsorption pressure

𝑃𝜀𝐿

Langmuir pressure

𝑝̃

Constant gas pressure

𝑃(0)

Initial gas pressure

𝑄𝑎

Volumetric rate of flow

Qt

Total gas content

𝑄𝑚

Gas exchange rate between cleat and matrix

Q1

Gas lost during coal core sample recovery

Q2

Gas released from coal sample during desorption

Q3

Gas released from coal sample after crushing

𝑟

Sphere radius

R

Universal gas constant

T

Temperature

𝑡

Time

𝑢𝑖

Component of the displacement in the i-direction,

𝑉

Adsorption volume

Vdaf

Volatile matter on dry ash free basis

𝑉𝐷

Gas movement described by Darcy’s law

𝑉𝐿

Maximum adsorption volume

𝑉𝑚

Bulk volume of the matrix element

𝑍𝐻𝑒

Helium compressibility
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Greek letters
𝛼

Biot coefficient

𝜙

Coal seam porosity

𝜎𝑒

Effective stress

𝜎ℎ𝑒

Effective horizontal stress

∆𝑝𝑆

Change of coal seam gas pressure

𝜐

Poisson’s ratio

𝜀𝐿

Langmuir strain

𝜀𝑏

Volumetric strain under triaxial stress condition

𝜀𝑏𝑠

Sorption strain,

𝜇

Fluid viscosity

𝜏

Gas sorption time

𝜎𝑐

Coal matrix block shape factor

𝜙𝑓

Cleat porosity

𝜙𝑓0

Coal fracture porosity at reference pressure

𝜙𝑚

Coal matrix porosity

𝜀𝑖𝑗

Component of strain tensor

𝜎𝑖𝑗

Component of the stress tensor

𝛿𝑖𝑗

Kronecker delta

𝜌𝑐

Coal density

Abbreviations
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Australian Coal Association Research Program

ECBM

Enhanced Coal Bed Methane

CO2

Carbon Dioxide

c/t

Cut Through

CH4

Methane

N2

Nitrogen

IUPAC

International Union of Pure and Applied Chemistry
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SEM

Scanning Electron Microscopy

TEM

Transmission Electron Microscopy

NMR

Nuclear Magnetic Resonance

micro-CT

Micro-computed tomography

SAXS

Synchrotron small angle X-ray scattering

SANS

Small angle neutron scattering

CBM

Coal Bed Methane

TLV

Threshold Limit Value

CSG

Coal Seam Gas

MPa

Mega pascal

XIII

CONTENTS
DECLARATION ............................................................................................................... I
ACKNOWLEDGEMENTS .............................................................................................. II
LIST OF PUBLICATIONS ............................................................................................ IV
ABSTRACT ..................................................................................................................... V
SYMBOLS AND ABBREVIATIONS ............................................................................ X
CONTENTS ................................................................................................................. XIV
LIST OF FIGURES ...................................................................................................XVIII
LIST OF TABLES ................................................................................................... XXVII
1.

2.

GENERAL INTRODUCTION ................................................................................. 1
1.1.

Background ........................................................................................................ 1

1.2.

Objectives ........................................................................................................... 6

1.3.

Research work scope and timetable ................................................................... 7

1.4.

Thesis outline ................................................................................................... 10

LITERATURE REVIEW ........................................................................................ 13
2.1.

Introduction ...................................................................................................... 13

2.2.

Coal adsorption-diffusion ................................................................................. 13

2.2.1.

Sorption kinetics ....................................................................................... 14

2.2.2.

Adsorption isotherm.................................................................................. 19

2.2.3.

Adsorption swelling .................................................................................. 25

2.3.

Gas flow in coal seams ..................................................................................... 27

2.3.1.

Permeability model ................................................................................... 27

2.3.2.

Laboratory permeability measurement ..................................................... 30

2.4.

N2/CO2 enhanced coal seam gas recovery ....................................................... 39

2.4.1.

Laboratory experiments ............................................................................ 39

2.4.2.

Gas migration models of enhanced coal seam gas recovery process ........ 49

2.4.3.

Comparison between ECBM and enhanced gas drainage ........................ 51

2.5.

Summary .......................................................................................................... 54

XIV

3. SORPTION ISOTHERM TESTS AND ADSORPTION INDUCED STRAIN
MEASUREMENT .......................................................................................................... 56
3.1.

Introduction ...................................................................................................... 56

3.2.

Adsorption isotherm tests ................................................................................. 57

3.2.1.

Experimental apparatus ............................................................................. 57

3.2.2.

Experimental procedures........................................................................... 59

3.2.3.

Test results ................................................................................................ 61

3.3.

Adsorption-induced coal swelling test ............................................................. 64

3.4.

Free swelling test after CO2 injection............................................................... 69

3.5.

Summary .......................................................................................................... 77

4. LABORATORY INVESTIGATION OF N2 INJECTION ENHANCED COAL
SEAM GAS RECOVERY .............................................................................................. 78
4.1.

Introduction ...................................................................................................... 78

4.1.1.

Sample collection and preparation ............................................................ 79

4.1.2.

Experimental apparatus and procedures ................................................... 80

4.1.3.

Test results and discussions ...................................................................... 84

4.2.

Cyclic N2 injection method for enhanced coal seam gas recovery ................ 102

4.2.1.

Materials and methods ............................................................................ 102

4.2.2.

Experimental results................................................................................ 105

4.2.3.

Discussions ............................................................................................. 119

4.3.

Summary ........................................................................................................ 125

5. LABORATORY TESTS OF COAL SEAM PERMEANBILITY EVOLUTION
BEFORE ADSORPTION EQUILIBRIUM ................................................................. 128
5.1.

Introduction .................................................................................................... 128

5.2.

Experimental apparatus .................................................................................. 128

5.3.

Experimental procedures ................................................................................ 130

5.3.1. Measuring core permeability by different gases (before adsorption
equilibrium) ........................................................................................................... 130
5.3.2.

Permeability evolution tests .................................................................... 131

5.3.3.

Core adsorption under triaxial confining test .......................................... 132

5.4.

Test results and discussions............................................................................ 133

5.4.1.

Permeability results before adsorption equilibrium state........................ 133

XV

5.4.2.

Results of permeability evolution ........................................................... 142

5.4.3.

Results of core adsorption under triaxial confining test ......................... 149

5.4.4.

Development of conceptual model ......................................................... 151

5.4.5.

Implications for CO2 geo-sequestration .................................................. 155

5.5.

Summary ........................................................................................................ 157

6. SIMULATION INVESTIGATION OF N2 INJECTION ENHANCED COAL
SEAM GAS RECOVERY ............................................................................................ 158
6.1.

Introduction .................................................................................................... 158

6.2.

N2 flushing experiments ................................................................................. 158

6.3.

Model development ........................................................................................ 159

6.3.1.

Gas exchange between cleat and matrix ................................................. 160

6.3.2.

Gas migration in cleat ............................................................................. 162

6.3.3.

Coal deformation .................................................................................... 164

6.3.4.

Permeability model ................................................................................. 165

6.3.5.

Comparison with previous model ........................................................... 166

6.4.

6.4.1.

Model validation ..................................................................................... 169

6.4.2.

Effects of Coal seam characteristics on N2 enhanced gas drainage ........ 170

6.4.3.

N2 injection parameters ........................................................................... 171

6.5.

7.

Numerical simulations.................................................................................... 167

Test results...................................................................................................... 172

6.5.1.

Permeability ............................................................................................ 176

6.5.2.

CO2 diffusion coefficient ........................................................................ 179

6.5.3.

N2 diffusion coefficient ........................................................................... 180

6.5.4.

N2 injection parameters ........................................................................... 183

6.6.

Discussion ...................................................................................................... 185

6.7.

Summary ........................................................................................................ 188

FIELD TRIALS OF UIS NITROGEN FLUSHING* ........................................... 190
7.1.

Introduction .................................................................................................... 190

7.2.

Gas environment of the flushing area ............................................................ 195

7.3.

Trial site setup ................................................................................................ 198

7.4.

Pre-planned program and the measurement of nature gas flow ..................... 201

XVI

7.5.

8.

Implementation of nitrogen flushing .............................................................. 205

7.5.1.

Nitrogen flushing Stage-One .................................................................. 206

7.5.2.

Nitrogen flushing Stage-Two .................................................................. 209

7.5.3.

Nitrogen flushing Stage-Three ................................................................ 215

7.5.4.

Nitrogen flushing Stage-Four ................................................................. 222

7.6.

Drilling and coring for post-nitrogen injection trial ....................................... 224

7.7.

Summary ........................................................................................................ 225

RESERVOIR SIMULATION OF NITROGEN FLUSHING ............................... 227
8.1.

Introduction .................................................................................................... 227

8.2.

Model validation with field observation ........................................................ 227

8.3. Comparison between regular gas drainage and nitrogen injection enhanced gas
drainage ..................................................................................................................... 231
8.4.

Effect of coal seam permeability .................................................................... 244

8.5.

Effect of nitrogen injection pressure .............................................................. 245

8.6.

Effect of borehole space ................................................................................. 248

8.7.

Effect of borehole diameter ............................................................................ 250

8.8.

Effect of coal seam thickness ......................................................................... 251

8.9.

Effect of borehole patterns ............................................................................. 253

8.10. Summary ........................................................................................................ 256
9.

CONCLUSIONS AND RECOMMENDATIONS ................................................ 258
9.1.

Conclusions .................................................................................................... 258

9.1.1.

Sorption characteristics of the studied coal............................................. 258

9.1.2.

Laboratory experiments of N2 flushing enhanced coal seam gas recovery
259

9.1.3.

Field trials of N2 flushing coal seam gas................................................. 260

9.1.4.

Model development and numerical simulations ..................................... 261

9.2.

Recommendations .......................................................................................... 262

REFERENCE ................................................................................................................ 265
APPENDIX A ............................................................................................................... 279
APPENDIX B ............................................................................................................... 283
APPENDIX C ............................................................................................................... 289

XVII

LIST OF FIGURES

Figure 1.1 Australia’s operating black and brown coal mines .......................................... 2
Figure 1.2 Australian coal production by state ("Australian Energy Resources
Assessment," 2010) ........................................................................................................... 3
Figure 1.3 Thesis chapters .............................................................................................. 10
Figure 2.1. Methods used to measure the porosity and pore size distribution (Clarkson et
al., 2011) ......................................................................................................................... 15
Figure 2.2 Schematic model of sphere coal containing a binder phase and crystals (Shi
and Durucan, 2003) ......................................................................................................... 19
Figure 2.3 Schematic setup for manometric sorption devices. V is vale, P is pressure
transducer (Busch and Gensterblum, 2011) .................................................................... 21
Figure 2.4 Schematic setup for volumetric sorption devices. (V is vale, P is pressure
transducer)....................................................................................................................... 22
Figure 2.5 Suspension magnetic balance (EM is electro magnet; PM is permanent
magnet; TS is titanium sinker (Charriere and Behra, 2010)) .......................................... 23
Figure 2.6 CO2/CH4 sorption ratio for moist and dry coal as a function of coal rank
(Busch and Gensterblum, 2011)...................................................................................... 25
Figure 2.7 Coal matrix swelling induced by gas adsorption at 318K (Ottiger et al.,
2008a) ............................................................................................................................. 26
Figure 2.8 Ratio of the perpendicular direction strain to the parallel direction strain
(Anggara et al., 2014; Day et al., 2010; Lu et al., 2016)................................................. 27
Figure 2.9 illustration of a plan view of coal structure (Harpalani, 1999) ...................... 28
Figure 2.10 The experimental setup to measure coal permeability (Harpalani and Chen,
1997) ............................................................................................................................... 31
Figure 2.11 Measured variation in permeability with decreasing gas pressure (Harpalani
and Chen, 1997) .............................................................................................................. 32
Figure 2.12 Schematic plot of the Triaxial Multi-Gas Rig (Pan et al., 2010). ................ 34

XVIII

Figure 2.13 Relationship between permeability and effective stress by different gases (a)
Helium, (b) CH4, (c) CO2 .............................................................................................. 35
Figure 2.14 Schematic diagram of gas permeability measurement system (Huy et al.,
2010) ............................................................................................................................... 37
Figure 2.15 Gas permeability vs effective stress (a) Vietnamese coal (b) Australian coal
(c) Chinese coal ............................................................................................................... 38
Figure 2.16 Schematic of the apparatus used in ECBM tests (Zhou et al., 2013). ......... 40
Figure 2.17 Results of ECBM laboratory experiments (a) gas composition variations in
N2-ECBM test (b) gas composition variations in CO2-ECBM test (c) Recovery ratio in
ECBM test ....................................................................................................................... 41
Figure 2.18 Schematic of the experimental equipment used in the core flooding
experiments (Connell et al., 2011). ................................................................................. 42
Figure 2.19 Results of simulation and experimental of ECBM tests (Connell et al.,
2011). .............................................................................................................................. 43
Figure 2.20 Langmuir isotherms for CO2 and CH4 of the brown coal sample .............. 44
Figure 2.21 Schematic diagram of the flooding rig of CO2-ECBM (Ranathunga et al.,
2017) ............................................................................................................................... 44
Figure 2.22 Testing results of CO2 flooding (a) gas production rate (b) CO2
concentration ................................................................................................................... 45
Figure 2.23 Coal permeability variation with time in Zhou’s study (Zhou et al., 2013).
(a) N2-ECBM test (b) CO2-ECBM test .......................................................................... 49
Figure 3.1 Schematic diagram of the modified gravimetric method with sample cells
(cylinders) (Zhang, 2012) ............................................................................................... 57
Figure 3.2 Coal adsorption apparatus ............................................................................. 58
Figure 3.3 Coal adsorption cell ....................................................................................... 58
Figure 3.4 Mettler PK 2000 balance ............................................................................... 59
Figure 3.5 The calibration machine for the pressure transducer ..................................... 59
Figure 3.6 The relationship between the weight of sample cell and helium pressure .... 62
Figure 3.7 Adsorption isotherm of different gases at 303K ........................................... 64

XIX

Figure 3.8 Sample cell for coal adsorption and swelling strain measurement ................ 65
Figure 3.9 Gas adsorption-induced volumetric strain and Langmuir model fit .............. 67
Figure 3.10 Relationships between adsorption amount and adsorption-induced
volumetric strain ............................................................................................................. 68
Figure 3.11 Strain ratios in different directions (perpendicular/parallel) ....................... 69
Figure 3.12 Coal swelling strain with respect to time during the ECBM process* ........ 72
Figure 3.13 Volumetric strains during ECBM process ................................................... 73
Figure 3.14 Methane adsorption quantities at different adsorption pressure .................. 74
Figure 4.1 Coal lump and core sample ........................................................................... 79
Figure 4.2 Schematic diagram of the experiment apparatus .......................................... 80
Figure 4.3 Triaxial rig for N2 flushing tests .................................................................. 81
Figure 4.4 Gas composition against time (a) 5 MPa confining pressure (b) 8 MPa
confining pressure ........................................................................................................... 86
Figure 4.5 Comparison of CO2 percentage in different permeability tests ................... 87
Figure 4.6 Gas flow rate against time (a) 5 MPa confining pressure test (b) 8 MPa
confining pressure test .................................................................................................... 89
Figure 4.7 N2 consumption quantity and CO2 production quantity against time (a)
5 MPa confining pressure test (b) 8 MPa confining pressure test .................................. 91
Figure 4.8 Prescribed Bulli seam Outburst Threshold Limits (1994) ............................. 93
Figure 4.9 N2 consumption/CO2 production ratio and residual CO2 content (a) 5 MPa
confining pressure test (b) 8 MPa confining pressure test .............................................. 94
Figure 4.10 permeability variations against time (a) 5 MPa confining pressure and (b)
8 MPa confining pressure ............................................................................................... 96
Figure 4.11 Two-stage mechanism of N2 flushing coal seam gas (a) coal saturated with
CO2 (b) Stage-I: the original free phase gas flushed out. (c)Stage-II: sorption phase gas
flushed out; subscript 1 denotes CO2, 2 denotes injected N2, “m” denotes matrix and “f”
denotes fracture (cleat). ................................................................................................... 98
Figure 4.12 Comparison of gas composition in N2 flushing coal seam CO2 and N2ECBM ........................................................................................................................... 101

XX

Figure 4.13 Flowchart of cyclic N2 flushing experiment ............................................. 103
Figure 4.14 Gas pressure variations during the CO2 soaking process ......................... 106
Figure 4.15 CO2 percentage of the outlet flow for each cycle (different symbols
represent different cycle) .............................................................................................. 107
Figure 4.16 Comparison of CO2 percentages in different cycles at various N2 injection
times (a) N2 injection time of 0-10 minutes (b) N2 injection time of 55-65 minutes (c)
N2 injection time of 95-105 minutes (d) N2 injection time of 195-205 minutes ......... 109
Figure 4.17 Outlet gas flow rate during N2 injection in each cycle ............................. 110
Figure 4.18 Accumulated CO2 volume of outlet gas flow ........................................... 112
Figure 4.19 Outlet gas flow rate of the post-injection stage in each cycle ................... 113
Figure 4.20 Accumulated CO2 volume of post-injection stage .................................... 115
Figure 4.21 Residual CO2 volumes with respect to total experiment time .................. 117
Figure 4.22 Residual CO2 percentages with respect to time/ injection cycles ............. 118
Figure 4.23 Accumulated N2 volume of outlet flow with respect to injection time in
different injection cycles ............................................................................................... 119
Figure 4.24 The ratios of N2 consumption/CO2 production with respect to time in each
cycle .............................................................................................................................. 120
Figure 4.25 Comparison of residual CO2 percentage between different injection
methods ......................................................................................................................... 121
Figure 4.26 Comparison of N2 consumption between different injection methods .... 122
Figure 5.1 Schematic diagram of the experiment apparatus ........................................ 129
Figure 5.2 Core permeability measured by helium. (a) Variations of core permeability
at various confining pressure. (b) The relationship between core permeability and
effective stress. .............................................................................................................. 137
Figure 5.3 Core permeability measured by nitrogen. (a) Variations of core permeability
at various confining pressure. (b) The relationship between core permeability and
effective stress. .............................................................................................................. 138

XXI

Figure 5.4 Core permeability measured by CO2. (a) Variations of core permeability at
various confining pressure. (b) The relationship between core permeability and effective
stress. ............................................................................................................................. 139
Figure 5.5 The relationships between core permeability and effective stress for different
gases. ............................................................................................................................. 140
Figure 5.6 The ratio of kCO2/kHe and kN2/kHe with respect to effective stress ........ 141
Figure 5.7 Variation of permeability with exposure time under different confining
pressure (a) 2MPa (b) 4MPa (c) 5MPa (d) 6MPa ......................................................... 145
Figure 5.8 Variation of k/k0 during the test (k0 is the maximum permeability in each
test) ................................................................................................................................ 146
Figure 5.9 (a) the maximum permeability of the specimen in different confining tests (b)
the time required to reach the final permeability and (c) the total reduction of
permeability when the final permeability has been reached. ........................................ 148
Figure 5.10 (a) variations of upstream gas pressure for gas adsorption tests under
different confining pressures (b) variations of upstream gas pressure for gas adsorption
tests under different confining pressures ...................................................................... 150
Figure 5.11 Concept model of coal seam permeability reduction effect. (a) 4MPa
confining pressure test (b) 5MPa confining pressure test (c) 6MPa confining pressure
test ................................................................................................................................. 154
Figure 5.12 Laboratory test of CO2-ECBM. (a) Variations of recovery and composition
of CH4 with time for CO2-ECBM. (b) Coal permeability variations with time (Zhou et
al., 2013) ....................................................................................................................... 155
Figure 6.1 Dual porosity model of coal seam and gas migration process in the coal
seams ............................................................................................................................. 160
Figure 6.2 Geometry and boundary conditions for the numerical simulation of N2
enhanced gas drainage .................................................................................................. 168
Figure 6.3 Contours of CO2 content and N2 content at different time in 0.06 mD
simulation test ............................................................................................................... 173

XXII

Figure 6.4 Comparison of Gas compositions between experiment and simulation (a)
0.3mD permeability (b) 0.06mD permeability.............................................................. 175
Figure 6.5 CO2 residual content comparisons between experiment and simulation (a)
0.3mD permeability conditions (b) 0.06mD permeability conditions .......................... 176
Figure 6.6 CO2 percentage variation against time and CO2 residual content variation
against time under different permeability conditions ................................................... 177
Figure 6.7 CO2 percentage variation against time and CO2 residual content variation
against time under different CO2 diffusion coefficient conditions............................... 179
Figure 6.8 CO2 percentage variation against time and CO2 residual content variation
against time under different N2 diffusion coefficient conditions ................................. 182
Figure 6.9 CO2 percentage variation against time and CO2 residual content variation
against time under different N2 injection pressure conditions ..................................... 184
Figure 6.10 CO2 residual content in different permeability and CO2 diffusion
coefficient test ............................................................................................................... 186
Figure 6.11 Permeability and CO2 diffusion coefficient effects to test result (at
9950minutes). (a) in different permeable seams, the increment of residual CO2 content
between different CO2 diffusion coefficients. (b) in different CO2 diffusion coefficient
test conditions, the increment of residual CO2 content between different permeabilities.
....................................................................................................................................... 187
Figure 7.1 A generalised stratigraphy for the Southern Sydney Basin (Faiz et al., 2007b)
....................................................................................................................................... 191
Figure 7.2 Map showing major geological structures and regions of igneous intrusions
in the Illawarra Coal Measures (Faiz et al., 2007b) ...................................................... 192
Figure 7.3 Layout of longwall panels in Metropolitan Colliery (by 2016)................... 193
Figure 7.4 Seam gas characteristics at Metropolitan Colliery – gas content variations 193
Figure 7.5 Seam gas characteristics at Metropolitan Colliery – gas compositions....... 194
Figure 7.6 Gas content test results from the drilled boreholes...................................... 196
Figure 7.7 Gas drainage map near the N2 flushing trial site......................................... 197
Figure 7.8 Schematic diagram of site setup .................................................................. 199

XXIII

Figure 7.9 Injection borehole and production borehole ................................................ 199
Figure 7.10 Nitrogen bottle packs ................................................................................. 200
Figure 7.11 Trial site isolations .................................................................................... 200
Figure 7.12 Special-designed injection kit................................................................... 201
Figure 7.13 Nature gas flow data from injection borehole ........................................... 202
Figure 7.14 Measurement of gas composition (a) sampling bag (b) Agilent 490 MicroGC ................................................................................................................................. 205
Figure 7.15 Change of gas composition with respect to time for Stage-One (start from
the first sample, X axis is time, minute) ....................................................................... 207
Figure 7.16 Measurement of injection flow .................................................................. 211
Figure 7.17 Injection flow rate at different injection pressure ...................................... 211
Figure 7.18 Time of collecting gas samples (yellow dots) ........................................... 213
Figure 7.19 Change of CO2 percentage ........................................................................ 214
Figure 7.20 Water inflation packer .............................................................................. 215
Figure 7.21 Collection of gas sample from water inflation packer ............................... 216
Figure 7.22 Comparison between injection pressure and the injection flow rate at
different steps ................................................................................................................ 217
Figure 7.23 Comparison between injection pressure and the production rate .............. 218
Figure 7.24 Comparison between the production rate and CO2 composition .............. 218
Figure 7.25 Comparison between the pure CO2 production rate and injection pressure
....................................................................................................................................... 220
Figure 7.26 Subsequent production rate and gas composition after stopping injection 221
Figure 7.27 Comparison between the injection pressure and production rate .............. 223
Figure 7.28 Comparison between the production rate and CO2 percentage ................ 223
Figure 7.29 Drilling and coring plan for N2 flushing field trial ................................... 224
Figure 8.1Simulated and measured value of nature gas flow before nitrogen injection229
Figure 8.2 Measured and simulated CO2 percentage variation .................................... 230
Figure 8.3 Measured and simulated production gas flow ............................................. 230
Figure 8.4 Configuration of the simulation model and drainage boreholes.................. 231

XXIV

Figure 8.5 Contour of CO2 residual content at different time (m3/t). .......................... 232
Figure 8.6 CO2 residual content curves on the monitoring line AB. ........................... 233
Figure 8.7 Comparison of CO2 content between regular gas drainage and nitrogen
enhanced gas drainage. ................................................................................................. 237
Figure 8.8 Comparison of residual CO2 content and flow rate with and without nitrogen
injection......................................................................................................................... 238
Figure 8.9 Permeability variation after different drainage time................................... 239
Figure 8.10 Gas concentrations at the production borehole ......................................... 241
Figure 8.11 Gas flow rate at the production borehole against time .............................. 242
Figure 8.12 Distribution of different zones in the coal seam for N2 enhanced gas
drainage case ................................................................................................................. 243
Figure 8.13 Comparison of residual CO2 content at the evaluated point under different
permeabilities ................................................................................................................ 245
Figure 8.14 Comparison of CO2 flow rate at the production borehole under different
permeability case conditions ......................................................................................... 245
Figure 8.15 Comparison of residual CO2 content at the evaluated point under different
N2 injection pressure .................................................................................................... 246
Figure 8.16 Comparison of CO2/N2 flow rate at the production borehole under different
N2 injection pressure conditions ................................................................................... 247
Figure 8.17 Comparison of N2 consumption and CO2 production under different N2
injection pressures ......................................................................................................... 247
Figure 8.18 Comparison of residual CO2 content at the evaluated point under different
borehole space case conditions ..................................................................................... 248
Figure 8.19 Comparison of CO2/N2 flow rate at the production borehole under different
borehole space case conditions ..................................................................................... 249
Figure 8.20 Comparison of N2 consumption and CO2 production under different
borehole space case conditions ..................................................................................... 250
Figure 8.21 Comparison of residual CO2 content at the evaluated point under different
borehole diameter case conditions ................................................................................ 251

XXV

Figure 8.22 Comparison of CO2 flow rate at the production borehole under different
borehole diameter case conditions ................................................................................ 251
Figure 8.23 Comparison of residual CO2 content at the evaluated point under different
coal seam thickness case conditions ............................................................................. 252
Figure 8.24 Comparison of CO2/N2 flow rate at the production borehole under different
coal seam thickness case conditions ............................................................................. 252
Figure 8.25 Contour of CO2 residual content (m3/t) in different coal seam thickness
case at the time of 10 days. a) coal seam of 5 m. b) coal seam of 4m. c) coal seam of 3m
....................................................................................................................................... 253
Figure 8.26 Geometry of the improve simulation model .............................................. 254
Figure 8.27 CO2 content changes at different drainage time. a) 2 days b) 3 days c) 6
days d) 15 days .............................................................................................................. 254
Figure 8.28 CO2 residual content curves on the reference line AB. ............................ 255
Figure 8.29 Comparison of CO2/nitrogen flow rate at the production borehole under
different production boreholes case conditions ............................................................ 255

XXVI

LIST OF TABLES

Table 1.1 Research timetable ............................................................................................ 9
Table 2.1 Summary of gas adsorption diffusion experiment studies by using different
coals ................................................................................................................................ 16
Table 2.2 Comparison of coal adsorption to CH4, CO2 and N2 .................................... 24
Table 2.3 specification of coal core samples (Huy et al., 2010). .................................... 36
Table 2.4 Summary of laboratory experiments of enhanced coal bed methane recovery
......................................................................................................................................... 47
Table 2.5 Comparisons between ECBM and enhanced gas drainage for three field trials
......................................................................................................................................... 54
Table 3.1 Helium pressure and sample cell weight at different points ........................... 61
Table 3.2 Langmuir constants of different gases at 303K .............................................. 63
Table 3.3 Adsorption test results .................................................................................... 64
Table 3.4 Langmuir constants of swelling volumetric strain in different gases at 303K 66
Table 3.5 Gas composition at equilibrium state............................................................. 73
Table 3.6 Gases volume at different adsorption state (equivalent to one atm pressure). 74
Table 4.1 Proximate analysis and Langmuir constants of Bulli coals ............................ 80
Table 4.2 Experimental conditions for nitrogen flushing tests ....................................... 84
Table 4.3 Test conditions comparison between N2 flushing coal seam CO2 and N2ECBM ........................................................................................................................... 100
Table 5.1 Testing conditions under different confining pressures ................................ 131
Table 5.2 Permeability evolution tests under different testing conditions .................... 132
Table 5.3 Core adsorption tests under different testing conditions............................... 133
Table 5.4 Results of permeabilty reduction tests. ......................................................... 143
Table 6.1 Constant parameters used in the simulation model ...................................... 169
Table 6.2 Numerical simulations at different parameters ............................................. 171
Table 6.3 Numerical simulations at different injection parameters .............................. 172

XXVII

Table 6.4 simulation tests at different permeability and CO2 diffusion coefficient
conditions ...................................................................................................................... 185
Table 7.1 Gas content test results of coal cores ............................................................ 197
Table 7.2 Pre-planned program of nitrogen flushing trial ............................................ 202
Table 7.3 Gas composition of nature gas flow (AF=air free) from injection borehole 205
Table 7.4 Analysis result of the composition of gas samples for Stage 1 .................... 208
Table 7.5 Correction ratio β: Q2 = βQ1....................................................................... 210
Table 7.6 The calculation of real injection flow ........................................................... 213
Table 7.7 Analysis results of gas composition from flushing Stage 3 .......................... 219
Table 7.8 summary of gas composition after N2 flushing ............................................ 225

XXVIII

1. GENERAL INTRODUCTION
1.1. Background
Australia is the fourth largest coal producer in the world and one of the world’s leading
coal exporters. In 2016, 503 Mt of coal was produced in Australia, accounting for 6.9%
of global production, and 77% of the produced coal was exported. By 2016, there were
more than 100 operating black and brown coal mines in Australia, as shown in Figure 1.1.
Most of the black coal mines are located in Queensland and New South Wales, which
accounted for 48% and 38%, respectively (Quarterly, 2018). Brown coal produced in
Victoria accounted for 12.3% of the total coal production, as shown in Figure 1.2.
Depending on the depth of cover and the geological setting, coal mines are divided into
two categories: surface mining and underground mining. Although in several coal
producing countries surface mining is more common, the coal produced from
underground coal mines accounts for approximately 60% of the global coal production
(2009).
Due to the working and geological conditions, the safety and health issues of underground
coal mining are more challenging. Coal and gas outburst is a major hazard in some
Australia coal mines due to the high gas content and geological structures. It is estimated
that 40% of the Australian underground coal mines require regular gas drainage to reduce
the seam gas content (Black, 2011). Gas drainage is an effective means of preventing coal
and gas outburst hazards and it can also reduce gas emissions during longwall cutting
operations. By gas pre-drainage, the coal seam gas content is usually reduced significantly
below threshold limit value (TLV) to allow normal mining activities. However,
difficulties of reducing gas content below TLV within a given drainage leading time have
been encountered in some coal mines in Queensland and New South Wales. For instance,
Metropolitan and Tahmoor Colliery in NSW have encountered a number of zones of ‘tight’
and ‘hard-to-drain’ or highly ‘undersaturated’ coal seam during their longwall gateroad
development and operation. Extended drainage time (not compatible with mine
development) is required for reducing the gas content below the threshold value by using
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the traditional borehole drainage method, even with additional boreholes. This has
adversely impacted the normal production schedule particularly slowing down the gateroad development rate. It is anticipated that such hard-to-drain or low permeable areas
will also be encountered in future longwall blocks. Similar cases, although less severe,
have also been reported from coal mines in Bowen Basin of QLD. Efficient and
economical technology for enhancing gas drainage is necessary for these coal mines.

Figure 1.1 Australia’s operating black and brown coal mines
Nitrogen flushing methods have been trialled in several countries as a possible solution
to stimulate coal seam gas desorption process in low permeable seams. This promising
technique, which has been referred to as “enhanced gas recovery”, involves the injection
of an alien gas (i.e., not a component of seam gas) via an injection hole into the coal seam.
The injected gas can maintain or enhance reservoir pressure and consequently accelerate
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the rate of drainage. It can also reduce the partial pressure gradient of reservoir gas
between coal cleat and coal matrix, thus stimulating the diffusion of reservoir gas from
the matrix to the cleat. Laboratory experiments and numerical modelling have been used
by several researchers to investigate the gas displacement process of enhanced gas
recovery and the sweep efficiency of different injectant gases. Numerical modelling offers
a means of history matching of the laboratory results as well as predicting the behaviour
of seam gas recovery using nitrogen injection in a field implementation scenario, and
several such studies have been reported (Connell et al., 2011; Jessen et al., 2008; Zhou et
al., 2013). A special designed permeability apparatus was used by Zhang et al. (2016a)
for the coal seam gas flushing test. Both CH4 and CO2 were used as the coal seam gas,
and N2 was injected into the specimen. The results indicate that N2 flushing process has a
significant effect on the coal seam gas desorption process and as a result, coal seam gas
can be more easily removed out of coal seam.

Figure 1.2 Australian coal production by state ("Australian Energy Resources
Assessment," 2010)
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The use of nitrogen flushing to enhance coal seam gas recovery was first trialled in 1993
in a small scale pilot project in the Fruitland formation, San Juan Basin (Jessen et al.,
2008; Reeves and Oudinot, 2004; Saghafi, 2010). The trial project involved a typical
drilling pattern consisting of a central gas injection borehole surrounded by a number of
dedicated gas production boreholes used to extract the seam gas/injected gas mixture from
the coal seam. The Tiffany unit trial in USA demonstrated a 5-fold increase in gas flow
rate arising during the trial (Reeves and Oudinot, 2004); Furthermore, the injection of N2
following CO2 not only reversed the permeability reduction caused by the previous CO2
injection but enhanced the rate of N2 injection into the coal seam. A small scale trial using
underground gas drainage boreholes in China was reported by Yang et al. (2010), in which
nitrogen was injected at 500 KPa into closely spaced (1.5 m), 15–20 m long gas drainage
boreholes ahead of a development heading. The gas flow rate from the production
boreholes demonstrated a 2-fold increase after 16 hours of injection. However, it is noted
that some of the reported results from these overseas field trials, such as the volume of
injected nitrogen and residual gas content, are unclear and insufficient to quantify and
produce a more meaningful comparison between these trials.
With the support of ACARP, Connell et al (2010a) and Packham (2011; 2012) conducted
the first trial of this technology at Oaky North underground mine in Central Queensland
using three surface-to-inseam (SIS) medium-radius wells. The net enhanced methane
production was calculated as 383,292 m3, which is comparable to the predicted value by
numerical modelling of 406,237 m3. Packham successfully developed a surface nitrogen
injection system and demonstrated the applicability of this technology to accelerate
methane production. However he was unable to demonstrate and quantify the levels to
which the residual methane contents could be reduced. Several technical difficulties and
limitations have been identified and these are:
(1) The use of a reticulation goaf inertisation system limited the subsequent injection
pressure at the wellhead to a maximum of 0.65 MPa;
(2) Reservoir pressure increment after injection was relatively small, up to 0.17 MPa;
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(3) An apparent leakage of nitrogen was observed at the early stage in the surface casing
section of the injection well, and even if remedy actions were implemented, the results
suggested that nitrogen may have been preferentially flowing between the laterals at a
more elevated position, where gravitational water drainage had provided lower water
saturation and better relative gas permeability;
(4) Collected samples for testing residual gas content were relatively small in comparison
to the trial area, thus it is difficult to draw clear conclusions on the impact of the gas
drainage without a sampling program that identifies the gas content heterogeneity;
(5) The estimates of 383,297 m3 enhanced methane being produced is comparatively
small compared to the volume of injected nitrogen 1,777,324 m3. The ratio of nitrogen
consumption to methane production is calculated as 4.6. A relative high permeability (10
mD) is observed through history match. In low permeable coal seams (1 mD or lower) or
CO2 rich seams, this ratio may be quite different.
Nevertheless, this injection field trial demonstrated that accelerated drainage rates can be
achieved through the use of an injectant gas such as nitrogen. Packham’s work also
demonstrated the importance and usefulness of reservoir modelling to predict the
reservoir behaviour in an enhanced recovery scenario with alternative delivery of nitrogen
into the reservoir to optimise incremental seam gas recovery.
From previous studies, it can be found that N2 injection can definitely improve the coal
seam gas recovery. There is no record on N2 injection enhanced gas drainage (N2-EGD)
in underground coal mines by using UIS boreholes. One major difference between N2ECBM and N2-EGD is the scale of borehole spacing. For N2-ECBM project, the distance
between injection well and the production well can be over 1000 meters (van Bergen et
al., 2009; Zarrouk and Moore, 2009), however for N2-EGD project, usually the gas
drainage boreholes are used as the injection/production boreholes. As a result, the scale
of the N2-EGD (less than 100 m) is much smaller than that of N2-ECBM. Another
difference is the implementation sites. For N2-ECBM, the injection/production wells are
drilled on the surface and N2 can be easily transported and provided. But for N2-EGD,
UIS boreholes are used and the entire N2 injection process is carried out underground. It
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is much more difficult for N2 transportation from surface to underground. This thesis
concentrates on the applications of nitrogen injection enhanced gas drainage in
underground coal mines, demonstrating this technique can improve the performance of
gas drainage and reduce coal and gas outburst hazards.

1.2. Objectives
The main objective of this thesis is to further explore nitrogen injection enhanced gas
drainage performance in underground coal mines, especially in low permeability, high
CO2 content coal seams. Specifically, this research aims to conduct studies in the
following aspects:


To investigate the adsorption capacity of coal to different gases (including CO2,
CH4 and N2) and the adsorption-induced strains to provide fundamental
knowledge of coal sorption characteristics.



Through laboratory experiments, demonstrate and examine the injection of
nitrogen enhanced coal seam gas drainage performance.



Based on the gas migration and diffusion process in the coal seam, develop the
gas production model of N2 injection enhanced gas drainage, including binary gas
migration through the cleat system and gas diffusion between coal matrix and coal
cleat.



By numerical simulations to validate this model with the laboratory experiments.
The critical parameters of N2 injection process are to be investigated and defined
through numerical simulations.



To conduct reservoir simulations, and provide guidance to field trials of nitrogen
injection enhanced gas drainage through underground inseam boreholes.



History matching the trial results with numerical simulations to establish an
improved model which can accurately predict the nitrogen injection performance
and evaluate the applicability of this technology in other seam gas scenarios.

6

1.3. Research work scope and timetable
To achieve the research objectives, a comprehensive program of laboratory experiments
and numerical modelling of nitrogen injection enhanced gas drainage has been performed.
The work scope in this thesis includes the followings:


Literature review of gas adsorption capacity and adsorption induced swelling,
including CO2, CH4 and N2. Previous studies of N2/CO2 injection enhanced coal
bed methane recovery (ECBM) including laboratory experiments, numerical
modelling and field tests are also reviewed.



Coal sample preparation and fundamental parameters characterization: adsorption
capacity, sorption-induced strain, permeability.



Laboratory investigation of N2 injection enhanced coal seam gas recovery. Two
sets of experiments were carried out based on different N2 injection methods:
continuous injection and cyclic injection.



Permeability evolution investigation during laboratory experiments. The changes
of coal seam permeability before CO2 adsorption equilibrium was investigated.
Meanwhile, during the laboratory experiments of N2 injection enhanced coal seam
gas drainage, the permeability variations were studied.



Based on the fundamental mechanisms of gas diffusion and gas transportation in
coal seams, a binary gas migration model was proposed and validated by the
numerical modelling. Compared with the laboratory, this model can precisely
illustrate the mechanism of N2 injection enhanced coal seam gas recovery.



Field trials of N2 injection enhanced coal seam gas recovery through underground
inseam borehole in Metropolitan coal mine. Different N2 injection pressures were
applied to the injection borehole and gas flow and composition of the production
borehole were recorded.

7



Reservoir simulations were conducted to simulate the field trials. The impacts of
different parameters were investigated on the enhanced gas drainage performance.
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Table 1.1 Research timetable
Task

2015
S1 S2

2016
S1
S2

Literature review
Sample preparation
and fundamental
parameters
characterization
Laboratory
investigation of N2
injection enhanced
coal seam gas recovery
Permeability evolution
during laboratory
experiments
Binary gas migration
model development
and validation by
numerical modelling
Field trials of N2
injection enhanced
coal seam gas recovery
through underground
inseam borehole in
Metropolitan coal mine
Reservoir simulations
of the field trials
Thesis preparation and
submission of the final
thesis
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2017
S1 S2

2018
S1 S2

2019
S1 S2

1.4. Thesis outline

CHAPTER ONE
GENERAL INTRODUCTION

CHAPTER TWO
LITERATURE REVIEW
CHAPTERTHREE
SORPTION ISOTHERM TESTS AND SORPTION INDUCED STRAIN
MEASUREMENT
CHAPTER FOUR
LABORATORY INVESTIGATION OF N2 INJECTION ENHANCED
COAL SEAM GAS RECOVERY
CHAPTER FIVE
LABORATORY TESTS OF COAL SEAM PERMEABILITY
EVOLUTION BEFORE ADSORPTION EQUILIBRIUM
CHAPTER SIX
SIMULATION INVESTIGATION OF N2 INJECTION ENHANCED
COAL SEAM GAS RECOVERY
CHAPTER SEVEN

FIELD TRIALS OF N2 FLUSHING COAL SEAM GAS
THROUGH UIS
CHAPTER EIGHT

RESERVOIR SIMULATION OF N2 FLUSHING
CHAPTER NINE
CONCLUSIONS AND RECOMMENDATIONS

Figure 1.3 Thesis chapters
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This thesis has nine chapters, as shown in the flowchart in Figure 1.3.


Chapter 1 is the general introduction of this study, including the background,
research objectives, research work and thesis outline.



Chapter 2 provides a literature review that concludes the adsorption characteristics
of coal to CO2, CH4 and N2, N2/CO2 enhanced coal seam gas recovery.



Chapter 3 focuses on the characterization of the coal samples, including the
sorption capacity and sorption-induced strain. The coal swelling strain is measured
under different gas adsorption equilibrium pressure. Coal free swelling strain is
measured during CO2 injection process to simulate the CO2-ECBM process.



Chapter 4 presents the laboratory experiments of N2 injection enhanced coal seam
gas. The modified triaxial permeability rig is adopted. N2 is injected into the CO2
fully adsorbed coal sample, the gas flow rate and compositions are recorded to
analyse the flushing performance. In this chapter, two injection methods are used:
continuous injection method and cyclic injection method.



Chapter 5 presents the permeability evolution of coal sample before adsorption
equilibrium. This chapter is based on Chapter 4. When the coal sample is firstly
under CO2 soaking, the permeability is calculated by using the outlet gas flow rate.
The permeability evolution reveals the coal matrix strain variations.



Chapter 6 presents the process of numerical modelling. The binary gas migration
model is put forward to illustrate the N2 injection flushing coal seam gas process.
This model is verified by the laboratory experiments in Chapter 4. Then, the
sensitive study is carried out by using this model. The critical parameters affecting
N2 flushing coal seam gas performance are identified.



Chapter 7 provides summary of the field trials of N2 flushing coal seam gas in a
coal mine in NSW. Four stages of N2 injection were carried out. The underground
inseam boreholes were used as the injection borehole and the production borehole.
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Different N2 injection pressures and injection methods were adopted in these field
trials. Gas flow rate and gas composition were recorded.


Chapter 8 presents the reservoir simulations. The simulation model is based on the
field trials that are presented in Chapter 7. Different testing conditions are
simulated and the performance is analysed.



Chapter 9 summarises the results and conclusions of this research work.
Recommendations for future work are also presented.
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2. LITERATURE REVIEW
2.1. Introduction
Coal seam gas is mainly stored as an adsorption state in underground coal seams. Only
less than 10% of the total gas is the free gas in the coal seam. In N2 injection enhanced
coal seam gas recovery process, the free gas N2 is partially adsorbed onto the surface of
the coal. The rest mainly flows out of the coal. Both the free and the adsorption state coal
seam gas is flushed out of the coal. Therefore, it is essential to understand the gas
adsorption characteristics and gas flow mechanism in this process. In this chapter, the coal
adsorption to CO2, CH4 and N2 is reviewed initially. The sorption kinetics, adsorption
capacity and sorption strain are researched. For N2 injection enhanced gas drainage
process, it is also necessary to understand the competitive adsorption abilities between
CO2, CH4 and N2. Secondly, the gas flow mechanism through the coal is reviewed. Based
on the physical structure of the coal seam, the permeability models are developed by
considering the coal adsorption characteristics and effective stress. For N2 injection
process, both of these two aspects are affected by injected N2. For the adsorption phase
coal seam gas, it is firstly desorbed from the internal surface of the matrix pores and then
diffuses from matrix to cleat. The mass transfer between the coal matrix and coal cleat
should be clear in this study. Thirdly, the literature of enhanced coal seam gas recovery
is reviewed, both CO2-enhanced and N2-enhanced, from three aspects: laboratory
experiments, numerical simulations and field practices. Finally, the main findings are
summarized in this chapter.

2.2. Coal adsorption-diffusion
It is known that, of CO2, CH4 and N2, coal has the largest adsorption capacity of CO2. N2
adsorption capacity is the minimum. Field practices and laboratory experiments have
shown that both CO2 and N2 can enhance methane production. The adsorption
characteristics of coal to these gases are critical for these practices.
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2.2.1. Sorption kinetics
Coal seams are natural reservoirs containing dual porosity systems: coal fracture pores
system and coal matrix pores system. The former one mainly contributes to the gas flow
through the coal while the latter one mainly contributes to the gas storage. It is widely
accepted that more than 90% of the total coal seam gas is stored as the adsorption phase
in the micropores that exist in the coal matrix. So, for both N2-ECBM and CO2-ECBM
processes, it is necessary to clear the gas diffusion process.
2.2.1.1.

Coal pores classification

Based on the pore radius, the pores in the coal seam are classified by the International
Union of Pure and Applied Chemistry (IUPAC) (Burwell, 1976):


Macropores: pores with widths exceeding 50 nm;



Mesopores: pores with widths between 2 nm and 50 nm;



Micropores: pores with widths not exceeding 2 nm.

It can be easily found that the cleat pores fall into the macropores group. The mesopores
and micropores exist in the coal matrix as the gas storage sites. It is tested that the coal
matrix stores 95% of the total adsorption phase gas (Gray, 1987).
To quantify the coal porosity and pore size distribution, various methods are adopted.
Among these methods, there are mainly two categories: fluid invasion methods and
radiation methods, as shown in Figure 2.1. For fluid invasion methods, the commonly
used means include high-pressure mercury intrusion and low-temperature adsorption
using CO2 or N2. For the radiation methods, optical microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), nuclear magnetic
resonance (NMR), micro-computed tomography (micro-CT), synchrotron small angle Xray scattering (SAXS) and small angle neutron scattering (SANS) are often used
(Clarkson et al., 2011; Ramandi et al., 2016; Wang et al., 2016; Zhao et al., 2014). The
pore size distribution that each method can detect is also shown in Figure 2.1.
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Figure 2.1. Methods used to measure the porosity and pore size distribution (Clarkson et
al., 2011)
2.2.1.2.

Adsorption-diffusion test

It is recognized that gas migration in coal is divided into two stages: gas diffusion in the
coal matrix and gas flow in the cleat system. The former one is a concentration gradient
driven process and the Fick’s second law of diffusion is commonly used to do the
numerical modelling. The later one is a pressure driven process and Darcy's flow law is
suitable to illustrate it (Harpalani and Chen, 1997). For the ECBM process, the gas
diffusion rate is critical, because the counter-diffusion process occurs. On one hand, the
coal seam gas will desorb from the internal surface of the pores and diffuse from the coal
matrix to the cleat system. On the other hand, the injected CO2 or N2 will diffuse from the
coal cleat system into the coal matrix. As a result, the gas counter-diffusion process
governs the performance of ECBM. The gas diffusion rate is affected by the gas diffusion
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coefficient and the shape factor of the coal matrix. Generally, the diffusion mechanism is
different based on the gas diffusion channels and the gas mean free path.

Table 2.1 Summary of gas adsorption diffusion experiment studies by using different
coals
Coal
origin
Kyungdon
g coal
basin,
Anthracite
Illinois
basin,
Different
basins

Western
Kentucky
coalfield

Sydney
basin
Bowen
basin
Gondowan
a coals
Silesian
basin
Qinshui
basin
Qinshui
basin

Country

adsorbat
e
CO2,
CH4

Moistur Particle size Method
e
Wet/dry 0.15-0.5 mm Volumet
ric

Reference

The
U.S.
Australi
a, Japan
and
Italy
The
U.S.

CH4

Dry

CO2,
CH4, N2

Dry

Volumet
ric
Volumet
ric

(Pillalamarry et
al., 2011)
(Pini et al., 2009)

CO2,
CH4

Dry

Volumet
ric

(Pone et al.,
2009)

Australi
a
Australi
a
India

CO2,
CH4, N2
CO2,
CH4
CO2,
CH4
CO2,
CH4
CO2,
CH4
CH4

Gravime
tric
Gravime
tric
Manome
tric
Manome
tric
Volumet
ric
Volumet
ric

(Saghafi et al.,
2007)
(Bae and Bhatia,
2006)
(Dutta et al.,
2011)
(Weniger et al.,
2012)
(Han et al., 2013)

South
Korea

Czech
republic
China
China

0.1490.425 mm
-

~0.25 mm
and core
cylinder
(25 mm*63
mm)
Wet/dry 0.090.15 mm
Dry
0.180.212 mm
Dry
0.10.149 mm
Wet/dry ~0.2 mm
Wet/dry ~0.354 mm
Dry

0.375 mm

(Kim et al., 2011)

(Dong et al.,
2017b)

(1) The Fick’s law is suitable when the inter-molecular collisions between gas molecules
dominate. In this situation, the gas mean free path is smaller than the pore aperture. The
pore size is relatively large or high gas pressure.
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(2) Knudsen diffusion occurs when the gas mean free path is larger than the pore diameter.
The collisions are dominated between gas molecular and the pore walls.
(3) Surface diffusion happens when the adsorbed gas molecules move along the pore wall
surface. This process is more common when the gas molecular have a strong affinity to
the pore wall.
To study the gas diffusion process in coal seams, a number of researchers have performed
coal sorption-diffusion tests. Table 2.1 summarises the tests from different coal basins
around the world. Usually, the diffusion coefficient for CO2 is higher than that of CH4,
ranging between 1E-11 to 1E-16 m2/s for CO2 and 1E-12 to 1E-17 m2/s for CH4. Moisture
has a negative impact on the gas diffusion process (Busch and Gensterblum, 2011).
From the literature review, two gas diffusion models are commonly used to describe gas
diffusion in coal: unipore approach and bidisperse approach. These two models are
suitable in some particular cases. The unipore model is more suitable for high-rank coals
while the bidisperse model is better suited for low-rank coals.
2.2.1.3.

Unipore sorption-diffusion model

In this model, the pore sizes in the coal matrix are recognized as the same or at least very
close. The same gas diffusion coefficient is used to model the gas diffusion process. The
Fick’s second law is used for spherical symmetric flow (Clarkson and Bustin, 1999a):
𝐷 𝜕
𝑟 2 𝜕𝑟

𝜕𝐶

(𝑟 2 𝜕𝑡 ) =

𝜕𝐶

(2-1)

𝜕𝑡

With the initial condition:
𝑡 = 0, 𝐶 = 0

(2-2)

where 𝑟 is the sphere radius, 𝐶 is the gas concentration in the sphere, 𝐷 is the gas
diffusion coefficient and 𝑡 is time.
In the coal matrix, the pores are homogeneous and the diffusion coefficient is independent
on the position and gas concentration. From literature, several solutions can be found to
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solve gas diffusion in the coal matrix. In the coal matrix, a sphere of radius 𝑟 is used and
the gas concentration is constant at 𝐶0 . The amount adsorbed onto the coal matrix is given
as:
𝑀𝑡
𝑀∞

6

1

= 1 − 𝜋 2 ∑∞
𝑛=1 𝑛2 𝑒𝑥𝑝 (−

𝐷𝑛2 𝜋 2 𝑡
𝑟2

)

(2-3)

where 𝑀𝑡 is the amount of diffused gas at time 𝑡 and 𝑀∞ is the total adsorbed gas after
sorption equilibrium. For a short period of time, a simplified expression is used as
(Charriere and Behra, 2010):
𝑀𝑡
𝑀∞

6

𝐷

= √𝜋 (𝑟 2 𝑡)

1⁄
2

(2-4)

2.2.1.4.

Bidisperse sorption-diffusion model

This model is better suited when the pores in the coal matrix are significantly changed.
The gas sorption process occurs in the coal matrix while the pores are quite different in
size: macro- and microspheres (Busch et al., 2004; Clarkson and Bustin, 1999a; Clarkson
and Bustin, 1999b). The gas diffusion process is divided into two stages: “fast” and “slow”.
The schematic diagram of the coal matrix containing different pores is shown in Figure
2.2. Using the constant external gas concentration boundary, this model can be written as
(Ren et al., 2017; Wang et al., 2017a):
𝑀𝑎

6

𝑀𝑎∞
𝑀𝑖
𝑀𝑖∞

1

= 1 − 𝜋 2 ∑∞
𝑛=1 𝑛2 𝑒𝑥𝑝 (−
6

1

= 1 − 𝜋 2 ∑∞
𝑛=1 𝑛2 𝑒𝑥𝑝 (−

𝐷𝑎 𝑛2 𝜋 2 𝑡
𝑟𝑎2
𝐷𝑖 𝑛 2 𝜋 2 𝑡
𝑟𝑖2

)

(2-5)

)

(2-6)

Where the subscripts a and i represent the corresponding parameters of fast macro
diffusion and slow micro diffusion. The overall uptakes of the two stages are written as:
𝑀𝑡
𝑀∞

𝑀𝑎 +𝑀𝑖

=𝑀

(2-7)

𝑎∞ +𝑀𝑖∞
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Figure 2.2 Schematic model of sphere coal containing a binder phase and crystals (Shi
and Durucan, 2003)
Both unipore and bidisperse gas diffusion models have been used to do the numerical
modelling or to interpret gas diffusion rate.
2.2.2. Adsorption isotherm
The coal adsorption isotherm is obtained by measuring the volume or mass of gas
adsorbed per unit mass of coal with increasing the adsorption equilibrium pressure at a
certain temperature. The adsorption isotherm is used for measuring the gas adsorption
capacity of the coal. For underground coal mine drainage and coal bed methane recovery,
isotherm plays an important role to estimate and evaluate the coal adsorption capacity.
For this study, as the objective is to enhance gas drainage by N2 injection, it is necessary
to understand the gas adsorption capacity including CO2, methane, and N2. In this section,
the measurement of coal adsorption isotherm is reviewed.
2.2.2.1.

Isotherm models

(1) The Langmuir model
The Langmuir model is the most common and widely used model for coal adsorption
(Busch et al., 2004; Harpalani et al., 2006). In this model, it assumes that non-interacting
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monolayer of gas molecules is adsorbed onto the coal internal surface. This model is
written as (Langmuir, 1918):
𝑉
𝑉𝐿

𝑃

= 𝑃+𝑃

(2-8)

𝐿

where 𝑉 is the adsorption volume at pressure 𝑃. 𝑉𝐿 is the maximum adsorption volume
and 𝑃𝐿 is the Langmuir pressure constant.
(2) The Dubinin-Radushkevich (D-R) model
The D-R model is another frequently used isotherm model to describe the coal seam gas
adsorption (Kim et al., 2011). In deep coal seams, the temperature and pressure may
exceed the gas subcritical points. Therefore, the D-R model can be used to estimate gas
content at these deep coal seams (Harpalani et al., 2006).
𝑃0

𝑉 = 𝑉0 𝑒𝑥𝑝−𝐷[𝑙𝑛( 𝑃 )]

2

(2-9)
2

where 𝐷 = (𝑅𝑇⁄𝛽𝐸 ) , a constant dependent on the sorption system. 𝑉0 is the maximum
micropore volume. 𝛽 is the affinity coefficient between gas and coal. 𝐸 is the adsorption
energy. 𝑃0 is the saturation vapor pressure at temperature T.
(3) The Extended Langmuir model
From laboratory experiments, it is suggested that the adsorption capacity of CO2 is always
higher than that of CH4. Also, the adsorption affinity between coal and CO2 is higher than
that of CH4. During the sorption test, CO2 is much easier and faster to adsorb onto the
internal surface of the pores of the coal matrix (Harpalani et al., 2006; Hol et al., 2014;
Kelemen and Kwiatek, 2009; Kim et al., 2011). For the binary gas mixture adsorption
process, competitive adsorption happens for competing the adsorption sites (Stevenson et
al., 1991). The selectivity ratio is used to evaluate the competitive process and written as:

𝛼𝑖𝑗 =

𝑥𝑖
𝑦𝑖
𝑥𝑗

(2-10)

𝑦𝑗
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where 𝑥 and 𝑦 are the molecular fractions of CO2 or CH4 in the adsorption phase and the
free phase and 𝑖 and 𝑗 represent CO2 and CH4 respectively. The value of 𝛼𝑖𝑗 has important
implications for field practices. The high value means CO2 can be easily adsorbed onto
the coal and this is useful for CO2 geo-sequestration. The small value means in CO2ECBM process, the requirement of CO2 is less. There are several factors affecting this
ratio. From laboratory study, with increasing coal ranks and the moisture content, this
radio shows a dropping trend (Merkel et al., 2015).
For binary gas mixture adsorption, the extended Langmuir model is commonly used. For
this model, the single gas adsorption isotherm is considered, as expressed:
𝑉 𝑏𝑃

𝐿𝑖 𝑖 𝑚𝑖
𝑉𝑖 = 1+∑
𝑏𝑃

(2-11)

𝑖 𝑚𝑖

where 𝑏𝑖 = 1⁄𝑃 and 𝑃𝑚𝑖 is the partial pressure of the gas species 𝑖.
𝐿𝑖
2.2.2.2.

Isotherm testing methods

(1) Manometric method
This method is widely used by researchers to determine gas adsorption volume on coal
(Busch and Gensterblum, 2011; Siemons et al., 2007). The testing rigs are usually
specially designed by the researchers, containing two cells: the reference cell and the
sample cell. Pressure transducers are installed at the sample cell. A basic schematic
diagram of this setup is shown in Figure 2.3 (Busch and Gensterblum, 2011).

Figure 2.3 Schematic setup for manometric sorption devices. V is vale, P is pressure
transducer (Busch and Gensterblum, 2011)
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During the gas adsorption process, the gas is firstly injected into the reference cell from
the gas pump or gas cylinder. The volume of the reference is known before the test. Coal
samples are loaded into the sample cell and then the dead volume of the sample cell is
measured by helium known as a non-sorbing gas. When Valve 2 in Figure 2.3 is opened,
the reference cell and sample cell are connected. By recording the pressure changes, the
total gas volume that is transferred from the reference cell to the sample cell is calculated.
The adsorption volume is obtained by subtracting the free gas in the sample cell from the
total transferred volume.
(2) Volumetric method
The setup of the volumetric method also contains two cells: reference cell and sample cell,
which is similar to the manometric method. Figure 2.4 shows the simplified schematic
diagram of the apparatus (Busch and Gensterblum, 2011). Similarly, both of the reference
cell and sample cell are merged into the water/air bath to keep the temperature constant.
After loading the coal sample into the sample cell, helium is used to measure the dead
volume in the sample cell. The gas is firstly injected into the reference cell. Then, by using
the piston pump or syringe pump, the gas is gradually transferred from the reference cell
to the sample cell. Meanwhile, the gas pressure in the sample cell gradually increases and
the isotherm is obtained.

Figure 2.4 Schematic setup for volumetric sorption devices. (V is vale, P is pressure
transducer)
(3) Gravimetric method
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This method is also widely used by researchers (Bae and Bhatia, 2006; Zhang, 2012). In
this system, one of the key parts is the magnetic suspension balance that is exposed to the
sorption gas at a constant temperature. The excess sorption volume is obtained from the
weight change of the sample cell. Figure 2.5 is the schematic diagram of a typical
gravimetric device (Busch and Gensterblum, 2011).

Figure 2.5 Suspension magnetic balance (EM is electro magnet; PM is permanent
magnet; TS is titanium sinker (Charriere and Behra, 2010))
2.2.2.3.

Adsorption capacity

From laboratory experiments, the coal adsorption capacities of CO2, CH4 and N2 are
obtained. It is commonly recognized that among these three gases, CO2 adsorption
capacity is the largest and that of N2 is the smallest. In this section, the adsorption capacity
obtained from the laboratory is reviewed for different coals around the world. As
mentioned before, adsorption isotherm can effectively reflect the adsorption
characteristics of different gas. For the ECBM process, it is essential to know the
adsorption capacities of CO2, CH4 and N2.
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Table 2.2 summaries the different coal adsorption capacities to CH4, CO2 and N2. The
adsorption capacity of CO2 is more than two times larger than that of CH4. However, the
adsorption ratio between CO2 adsorption and CH4 adsorption varies from 1.1 to 9.1, as
shown in Figure 2.6. It is usually regarded that for low-rank moisture coal, this ratio is
relatively high (reaching 9). With the increasing of coal rank, this ratio drops. For example,
this ratio is 1.2-1.5 for some anthracite coals. The high CO2/CH4 ratio at low-rank coals
is attributed to the water existing in the large pores (Busch and Gensterblum, 2011). CO2
is more likely to dissolve into the moisture while the water solubility of methane is much
lower.
Table 2.2 Comparison of coal adsorption to CH4, CO2 and N2
Coal origins

Moisture

Temperature

Powder River
Basin, Wyoming,
USA
Hunter Valley,
New South
Wales, Australia
San Juan Basin,

Dry

295 K

Dry

309 K

Wet

327 K

Monte Sinni coal,
Italy

Dry

318 K
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Adsorption
capacities VL
CH4 22.95 m3/t
CO2 49.81 m3/t
N2 7.70 m3/t
CH4 25.2 m3/t
CO2 42.84 m3/t
N2 21 m3/t
CH4 12.75 m3/t
CO2 17.45 m3/t
N2 7.88 m3/t
CH4 24.89 m3/t
CO2 47.11 m3/t
N2 11.2 m3/t

Reference
(Jessen et al.,
2008)
(Connell et al.,
2016; Connell et
al., 2017)
(Fitzgerald et al.,
2005)
(Ottiger et al.,
2008b)

Figure 2.6 CO2/CH4 sorption ratio for moist and dry coal as a function of coal rank
(Busch and Gensterblum, 2011).
2.2.3. Adsorption swelling
It is well known that coal matrix swells and shrinks after coal adsorption and desorption.
The viscoelastic relaxation of the coal molecular occurs after gas adsorption onto coal
internal surface. The surface energy is changed after gas adsorption; hence the coal elastic
structure will also change to balance this. As a result, the coal matrix strain is induced
(Pan and Connell, 2007).
2.2.3.1.

Swelling induced by different gases adsorption

Experiments have shown that the adsorption-induced coal matrix swellings are different
in different gas adsorption tests. The swelling strain is higher for CO2 adsorption than that
for CH4 while N2 induces the smallest swelling strain. The non-adsorbing gas, such as
helium, cannot induce sorption strain, as shown in Figure 2.7. The adsorption induced
swelling has a positive relationship with respect to adsorption volume. The laboratory
tests have shown that, for the same coal sample, the sorption strain is only affected by the
adsorbed gas volume. It has no relationship with the gas type. But these tests are
performed under low gas equilibrium pressures.
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Figure 2.7 Coal matrix swelling induced by gas adsorption at 318K (Ottiger et al.,
2008a)
2.2.3.2.

Anisotropic characteristics

The adsorption induced stain varies in different directions from laboratory observations.
Usually, two types of coal samples are used: cubic coal and cylindrical coal. The strain in
the direction of perpendicular to the bedding plane is always larger than that parallel to
the bedding plane. This strain ratio (perpendicular/parallel) is ranging between 1.1 and 2,
as shown in Figure 2.8.
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Figure 2.8 Ratio of the perpendicular direction strain to the parallel direction strain
(Anggara et al., 2014; Day et al., 2010; Lu et al., 2016)

2.3. Gas flow in coal seams
The coal cleat system provides the gas flow channels for gas drain or coal bed methane
recovery process. It is widely accepted that gas flow through coal seam is laminar flow
and Darcy’s flow law is adequate to describe this process. This is a pressure-driven
mechanism. For example, in the underground coal mine gas drainage process, suction
pressure is provided at the gas drainage boreholes. Due to the pressure difference between
the pressure in the borehole and the in situ gas pressure, seam gas can be drained out of
the coal seam. For the gas injection enhanced gas drainage process, the injection pressure
is higher than the in situ gas pressure to overcome the resistance. The pressure gradient is
essential for the success of gas injection. In this section, the gas flow mechanism in the
coal seam is reviewed.
2.3.1. Permeability model
It is regarded that coal has a dual-porosity structure model, which consiss of coal matrix
and coal fracture. Gas flow mainly occurs in the coal fracture system andthe flow capacity

27

is mainly depended on the aperture of the fracture. Figure 2.9 shows the schematic
structure of coal. As the coal matrix system contributes only minor influence on coal
permeability, in this part the matrix porosity is not considered. The coal permeability is
controlled by the cleat porosity and the relationship is written as (Pan and Connell, 2012):
𝑘
𝑘0

𝜙 3

= (𝜙 )
0

(2-12)

where the subscript 0 refers to the initial state, 𝑘 is the coal seam permeability and 𝜙 is
the coal seam fracture (cleat) porosity.

Figure 2.9 illustration of a plan view of coal structure (Harpalani, 1999)
In the underground coal seam, the fracture porosity is mainly affected by two factors: the
effective stress and the gas adsorption. Based on these two factors, a number of
permeability models have been proposed. The effective stress is calculated based on the
in situ geo-stress and the gas pressure existing in the coal fracture system:
𝜎𝑒 = 𝜎𝑔 − 𝑃

(2-13)
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where 𝜎𝑒 is the effective stress applied on the coal seam, 𝜎𝑔 is the in situ geo-stress and
𝑃 is the gas pressure. The coal structure is regarded as an elastic skeleton. The higher of
the effective stress is, the more compaction of the coal structure is. As a result, the porosity
decreases in a high effective stress environment. The gas sorption induced strain is another
key factor affecting the coal seam permeability. The adsorption induced matrix swelling
narrows the coal fracture aperture. As a result, the permeability decreases.
For coal seam gas recovery or gas drainage process, on one hand, desorption induced
matrix shrinkage increases the coal seam permeability. On the other hand, the depletion
of coal seam gas pressure will lead to an increase in the effective stress, resulting in the
permeability dropping. So, it is a complicated process of the coal seam gas variation
during the coal seam gas recovery process. A number of permeability models have been
proposed considering these two factors.
(1) Gray’s model (Gray, 1987)
The first coal seam permeability model incorporating mechanical behaviour of coal and
gas sorption strain is proposed by Gray, from the stress perspective, as written:
𝜐

𝐸 ∆𝜀

𝑒
𝜎ℎ𝑒 −𝜎ℎ0
= − 1−𝜐 (𝑝 − 𝑝0 ) + 1−𝜐 ∆𝑝𝑆

(2-14)

𝑆

where 𝜎ℎ𝑒 is the effective horizontal stress and ∆𝑝𝑆 is the change of coal seam gas pressure.
The first term of the right side of the equation is the mechanical impact of the coal seam
and the second term is the gas sorption impact.
(2) Palmer and Mansoori’s model (PM model) (Palmer and Mansoori, 1998)
This is one of the most accepted models for coal seam permeability. In this model, it is
assumed that the coal seam is in a uniaxial strain and constant vertical stress condition.
This model shows the coal seam fracture porosity is both affected by pore pressure and
sorption-strain, as written:
𝐾

𝐵𝑝

𝐵𝑝

𝜙 = 𝜙0 [1 − 𝑐𝑚 (𝑝 − 𝑝0 )] + 𝑐𝑙 (𝑀 − 1) [1+𝐵𝑝 − 1+𝐵𝑝0 ]
0
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(2-15)

where 𝜙 is the coal fracture porosity, 𝑐𝑙 and 𝐵 are the fitting parameters of the Langmuir
model to describe gas sorption strain and 𝐾 is the bulk modulus. The following equations
are provided for explanation:
1

𝐾

𝑐𝑚 = 𝑀 − [𝑀 + 𝑓 − 1] 𝑐𝑟

(2-16)

𝐸(1−𝜐)

𝑀 = (1+𝜐)(1−2𝜐)

(2-17)

𝐸

𝐾 = 3(1−2𝜐)

(2-18)

where 𝑓 is between 0 and 1, 𝑐𝑟 is the grain compressibility of the coal skeleton, 𝐸 is the
Young’s modulus and 𝜐 is the Poisson’s ratio.
(3) Shi and Durucan’s model (SD model) (Shi and Durucan, 2004)
This model is from a stress perspective, which is different from the PM model from a
strain perspective to describe coal seam permeability. The same assumptions to that of
the PM model are used here: uniaxial strain and constant vertical stress, as written:
𝜐

𝐸∆𝜀

𝑆
𝑒
𝜎ℎ𝑒 −𝜎ℎ0
= − 1−𝜐 (𝑝 − 𝑝0 ) + 3(1−𝜐)

(2-19)

𝑒
𝑘 = 𝑘0 𝑒𝑥𝑝{−3𝑐𝑓 [𝜎ℎ𝑒 −𝜎ℎ0
− (𝑝 − 𝑝0 )]}

(2-20)

2.3.2. Laboratory permeability measurement
Laboratory measurement of coal seam permeability is one effective way to evaluate the
coal seam permeability conditions. However, several disadvantages exist with laboratory
tests. The coal samples used for laboratory testing are usually in small size. The testing
results may not fully represent the coal seam permeability. The small coal samples do not
incorporate the coal seam structures which have a significant impact on the coal seam
permeability. In addition, the laboratory testing conditions cannot fully match the in situ
environment. Currently, most of the permeability models are based on the uniaxial strain
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condition. Because most of the laboratory experiments use the triaxial testing condition,
the testing results should be adjusted or calibrated to reflect the field permeability.
Nevertheless, laboratory measurement of coal permeability is still one effective means to
obtain the coal seam permeability and provides guidance for field practices. In this section,
the laboratory experiments of measuring permeability are reviewed.
(1) Coal from San Juan Basin (Harpalani and Chen, 1997)
The coal sample from San Juan Basin was collected and an 8.9 cm diameter coal core was
used for measuring the coal permeability. Figure 2.10 shows the testing rig. The steadystate method was adopted to measure the coal permeability. As shown in this figure, the
coal sample is placed into the triaxial cell and the hydraulic system provides the confining
pressure. Gas is supplied from the gas bottles. When all the parameters are constant, the
permeability is calculated. During the test, the effective stress was kept constant at
5.4 MPa. The pressure difference between upstream and downstream was kept at
0.21 MPa and 0.26 MPa.

Figure 2.10 The experimental setup to measure coal permeability (Harpalani and Chen,
1997)
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In this study, the coal permeability was measured with a gas mixture that contains 93%
CH4, 5% CO2 and 2% N2. Both gas slippage and matrix shrinkage effects are considered,
as shown in Figure 2.11. The Klinkenberg impact was estimated by the helium test. From
the testing, when gas pressure drops from 6.2 MPa to 0.62 MPa, the coal permeability
increases sharply, 17 times larger. Most of the permeability increase is due to the matrix
shrinkage effect. The gas slippage effect is relatively small compared with the matrix
shrinkage effect.

Figure 2.11 Measured variation in permeability with decreasing gas pressure (Harpalani
and Chen, 1997)
(2) Coal from the Southern Sydney Basin (Pan et al., 2010)
The coal sample is collected from the Southern Sydney Basin and belongs to bituminous
coal. The coal core used for measuring permeability was 4.5 cm in diameter by 10.55 cm
in length. Figure 2.12 shows the testing rig. The coal sample is placed into the triaxial
permeability cell which is confined by a hydrostatic pump. During the permeability tests,
helium, CO2 and CH4 were used. The maximum gas pressure is 13 MPa and the confining
pressure is up to 20 MPa. The main purpose of this study is to evaluate the impact of
effective stress and sorption strain on the coal seam permeability. During the course of
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the experiments, the coal fundamental parameters are investigated, including the cleat
compressibility, Young’s modulus and the strain-induced by sorption.
The results are shown in Figure 2.13. The permeability shows an exponential decrease
with respect to effective stress. These findings are constant with the permeability models
that are reviewed in previous sections. The effect of the adsorption-induced swelling on
permeability can also be seen from these results. For example, at the effective stress is
4 MPa (CH4 gas), the permeability drops from 0.6 mD to 0.35 mD when the pore pressure
increases from 0.9 MPa to 12.8 MPa. The higher the gas pressure is, the larger sorption
induced strain is. It is also noted that the permeability measured by different gases is
different. Permeability measured by CO2 is slightly smaller than that of CH4. This may
due to the adsorption-induced matrix strain being different for CO2 and CH4, but the exact
reason for this phenomenon is not explained in this study.
The coal permeability is governed by the effective stress and sorption strain. Here, a
detailed calculation of these two factors’ impact on permeability is presented. The
permeability measured by CO2 is taken as an example. When the effective stress is 2 MPa
and pore pressure is 3 MPa, the permeability is 0.58 mD. If the pore pressure increases to
13.3 MPa and the effective pressure is kept at 2 MPa, the permeability drops to 0.22 mD.
The average dropping ratio for pore pressure is 0.0349 mD/MPa (because sorption
induced strain has a positive relationship with pore strain, here this value is used to
evaluate sorption strain’s impact on permeability). If the pore pressure is kept at 3 MPa
and the effective stress increases to 6 MPa, the permeability drops to 0.29 mD. The
average dropping ratio for effective stress is 0.0725 mD/MPa. This value is much higher
than 0.0349 mD/MPa. This can reflect that for the Southern Sydney Basin coal, effective
stress is more sensitive than sorption induced strain on the coal seam permeability. These
findings may not be suitable for coal from different coal basins. Many factors can
influence the result, such as coal stiffness, sorption capacity, porosity and so on.
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Figure 2.12 Schematic plot of the Triaxial Multi-Gas Rig (Pan et al., 2010).
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(a)

(b)

(c)

Figure 2.13 Relationship between permeability and effective stress by different gases (a)
Helium, (b) CH4, (c) CO2
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(3) Data from Huy’s study (Huy et al., 2010)
The coal samples were collected from different coal basins. All the coal blocks were
collected from three coal mines:


the Maokhe coal mine, located in Quang Ninh coalfield, Vietnam



Shanxi coal field, China



Bowen coal basin, Australia.

The detailed information of the coal samples is shown in Table 2.3.
Table 2.3 specification of coal core samples (Huy et al., 2010).
Core
NO.
HL-11
MK-5
MK-4
MK-3
HL-4
MK-1
AUS-2
AUS-3
AUS-4
AUS-5
AUS-6
AUS-8
AUS-9
AUS14
CH-4
CH-3
CH-5
CH-6
CH-7
CH-10
CH-11
CH-13

Coal site

Vietnam

Australia

China

60.29
86.43
79.71
114.17
103.07
121.61
99.1
98.89
98.68
100.27
99.36
99.22
103.75

4.3
5.23
4.82
6.9
3.8
7.35
7.5
7
7
7
7
7
7

3.5
3.8
3.81
3.8
3.5
3.8
3.8
3.8
3.81
3.8
3.8
3.8
3.8

Ash
content
(%)
2.5
29.7
30.5
30.8
2.6
28.3
4.2
4.1
4.6
4.3
4.4
4
4.5

71.66

5.23

3.8

4.3

8.7
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53.3

74.09
84.49
71.8
80.3
84.4
86.4
87.3
75

4.3
5
4.3
4.4
4.95
5
4.8
4.4

3.8
3.81
3.8
3.8
3.81
3.8
3.88
3.84

15.2
16.2
13.5
15.1
14.8
14.6
15.3
15.5

2.3
3.1
2.7
3
2.6
2.9
2.7
3.2

7.2
5.3
6.9
5.9
6.8
5.7
6.4
5.8

75.3
75.4
76.9
76
75.8
76.8
75.6
75.5

Weight Length
(g)
(cm)

Diameter
(cm)
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Moisture
content
(%)
3
4.5
4.6
5
4.8
4.1
9.9
8.3
8.9
8.6
9.4
8.2
7.9

Volatile
matter
(%)
6.9
6.5
5.9
5.8
6.2
5.9
36
36
33
25
35
36
35

Fixed
carbon
(%)
87.6
59.3
59
58.4
86.4
61.7
50.2
52
54
61.7
51.3
51.7
52.3

Coal rank

Anthracite

Bituminous

Anthracite

The schematic diagram of the permeability testing rig is shown in Figure 2.14. The
permeability measurement method is similar to other testing methods. The steady-state
method is adopted here. The coal specimen is placed into the Hassler cell, but the
confining pressure is provided by the high-pressure canister. Other devices including
valves, pressure transducers and flowmeters are installed to measure the related readings.
In this study, CO2 is used for measuring the permeability. The confining pressure
increases from 1 to 6 MPa while the pore pressure increases from 0.1 to 0.7 MPa.

Figure 2.14 Schematic diagram of gas permeability measurement system (Huy et al.,
2010)
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(a)

(b)

(c)

Figure 2.15 Gas permeability vs effective stress (a) Vietnamese coal (b) Australian coal
(c) Chinese coal
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Figure 2.15 shows the testing results of the coal samples. It can be seen that even under
the same effective stress conditions, the coal samples from the same coal block show
different permeabilities, which means the anisotropic characteristics of coal has an impact
on coal permeability. The Australian coal has relative higher permeability than the
Chinese coal and Vietnamese coal. The permeability shows exponential decrease when
the effective stress increases, which is due to the higher effective stress leading to the
closure of the cleat aperture.

2.4. N2/CO2 enhanced coal seam gas recovery
Coal seam gas is recovered by two means: primary gas production and enhanced gas
production. For the primary coal seam gas production process, the pressure difference is
generated to ensure the coal seam gas flowing to the production well or production
borehole. However, the recovery ratio of this technique is relatively low (about 20 - 60%
of the coal seam gas can be recovered). The enhanced gas production sometimes refers to
enhanced coalbed methane (ECBM). In this study, the broad meaning of this terminology
is used. Enhanced coal seam gas recovery includes both ECBM and enhanced gas
drainage (in the underground coal mine). For the enhanced coal seam gas recovery process,
the gases injected are CO2, N2 or a mixture of them, but the mechanism behind these two
gases is different. Due to the higher affinity between coal and CO2, the injected CO2 can
occupy the adsorption site and the adsorbed CH4 will desorb. The CBM production is
enhanced by CO2 injection. However, N2 has less adsorption affinity than that of CH4.
The injected N2 cannot enhance CH4 desorption, but it can reduce the CH4 partial pressure
in the coal fracture system.
2.4.1. Laboratory experiments
(1) Zhou’s study (Zhou et al., 2013)
The coal sample used in this study was collected from Duanshi coal mine, located in
Southern Qinshui Basin. The coal core was 3.78 cm in diameter by 7.68 cm in length. The
testing rig was similar to that of the permeability measurement rig. Figure 2.16 shows the
schematic diagram. The backpressure regulator (BPR) was used to maintain pre-gas
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saturation. CH4 was firstly adsorbed onto the coal sample in the core holder at 298 K.
Then, pure CO2 and pure N2 were injected into the system to mimic the CO2/N2-ECBM
process, respectively.

Figure 2.16 Schematic of the apparatus used in ECBM tests (Zhou et al., 2013).
The CH4 saturation was calculated prior to N2/CO2 injection. The confining pressure was
set as 9.7 MPa, the BPR reading is 3.6 MPa. The gas content in the coal sample was
calculated as 24.4 m3/t (based on the CH4 total injection volume of 82 cm3 and the total
coal weight of 126.8 g). The testing results are shown in Figure 2.17. The N2 breakthrough
time in this study was very short; approximately 130 minutes and then CH4 percentage in
the outlet flow drops sharply from the initiation of N2 injection to 860 minutes. The total
injection of N2 lasts for 3 days. Different results are observed in CO2-ECBM test. The
CO2 breakthrough time was 620 minutes and for the first two day’s injection, the CH4
percentage drops slowly. The total injection last 6 days for CO2, which is much longer
than that of N2. From the CH4 recovery ratio aspect, at the end of each test, the total
recovery ratio reaches 90%. This recovery ratio was relative high, which means both N2
and CO2 can significantly improve CH4 recovery.
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(a)

(b)

(c)

Figure 2.17 Results of ECBM laboratory experiments (a) gas composition variations in
N2-ECBM test (b) gas composition variations in CO2-ECBM test (c) Recovery ratio in
ECBM test
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(2) Connell’s study (Connell et al., 2011)
The coal sample used in this study was from the Bowen Basin, Australia. A cylindrical
coal sample with the dimension of 60 mm in diameter by 114 mm in length was used. A
triaxial cell was used for this flooding test, as shown in Figure 2.18. The confining
pressure was provided under hydrostatic conditions to represent the reservoir pressure.
Methane saturation was performed before the flooding. The pore pressure was also
controlled by the back pressure regulator. Pure N2 and flue gas (90% N2, 10% CO2) was
injected into the cell to do the flooding test. A sequence of flooding tests was performed
at the pore pressures 2 to 10 MPa, with the confining pressures 4 MPa to 12 MPa,
respectively. During the course of testing, the sample temperature was kept constant at
308 K. The Connell, Lu and Pan’s permeability model was used in the simulator
SIMED II to simulate the flooding process. The testing results are shown in Figure 2.19.
In this study, N2 breakthrough occurred earlier than methane breakthrough. Because the
affinity force between coal and CH4 was larger than that of N2, N2 can easily breakthrough
the coal seam.

Figure 2.18 Schematic of the experimental equipment used in the core flooding
experiments (Connell et al., 2011).
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Figure 2.19 Results of simulation and experimental of ECBM tests (Connell et al.,
2011).
(3) Ranathunga’s study (Ranathunga et al., 2017)
Most of the previous studies are based on the high-rank coals and prove that the injected
CO2 can effectively improve coal seam gas recovery. In Ranathunga’s study, the Victorian
brown coal samples were used to investigate the ECBM. A series of CO2 injection testing
is conducted to increase the CH4 recovery ratio. Before the flooding tests, the adsorption
characteristics of CO2 and CH4 on this low-rank coal were measured. Figure 2.20 shows
the adsorption isotherm of CO2 and CH4 at 313 K. It can be seen that the CO2 adsorption
volume is much higher than that of CH4 at the same equilibrium pressure (5-7times larger).
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Figure 2.20 Langmuir isotherms for CO2 and CH4 of the brown coal sample

Figure 2.21 Schematic diagram of the flooding rig of CO2-ECBM (Ranathunga et al.,
2017)
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Figure 2.22 Testing results of CO2 flooding (a) gas production rate (b) CO2
concentration

45

The coal sample is placed into the triaxial cell and the confining pressure is applied by
the hydraulic pump (Figure 2.21). CH4 adsorption equilibrium is reached before CO2
flooding and the saturation pressure is 5 MPa. The confining pressure is set as 11 MPa
while the flooding pressure (CO2 injection pressure) is increasing step by step from 5 MPa
to 9 MPa (1 MPa increase for each step). Figure 2.22 shows the experimental results.
Higher CO2 injection pressure reaches a higher production rate and early breakthrough.
Meanwhile, the CO2 percentage increase faster for higher CO2 injection pressure test.
From the gas recovery ratio aspect, low recovery ratio (46%) is observed for natural flow
test (this test represents the primary gas production without any enhancement). For CO2ECBM tests, the average recovery ratio is 97%. According to the experiments, it is
suggested that CO2 flooding can significantly improve the CH4 production ratio in lowrank coal seams.
(4) Summary of other laboratory tests
Table 2.4 shows several laboratory experiments of enhanced coal seam gas recovery
around the world. Different coal samples were collected from different coal basins. These
testing methods are very similar by using a triaxial cell. Cylindrical coal samples with
small dimensions are used. CH4 is mostly used gas to do the gas saturation and CO2 and
N2 are used to enhance CH4 recovery. Based on the previous laboratory experiments,
some key findings are summarized as:
a) High recovery ratio. From field observation and laboratory experiment, it is easily
found that the recovery ratio of the traditional method of coal seam gas production
or the primary coal seam gas production is very low, usually below 60%. For
enhanced gas recovery production, no matter which gas is used (CO2/N2), the
recovery ratio usually above 85%, which means a part of the un-produced gas is
produced by ECBM technology.
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Table 2.4 Summary of laboratory experiments of enhanced coal bed methane
recovery
Coal
origins
Pricetown
mine,
West
Virginia

Sample
dimension
8.89 cm in
diameter
by
10.16 cm
in length

Gas type

Beringen
coal mines
in
Belgium

72 mm in
diameter
by
250 mm in
length

CO2 gas and
super-critical
enhanced CH4

Bowen
Basin and
Hunter
valley
basin,
Australia
Powder
River
basin, US

60.6 mm
in
diameter
by
114 mm in
length
42.5 mm
diameter
by
250 mm in
length

CO2 enhanced
CH4 recovery
and CH4
enhanced CO2

CO2 injection
enhanced CH4
recovery

CO2 enhanced
CH4, N2
enhanced CH4;
a mixture of
CO2 and N2
enhanced CH4

Testing
conditions
Pure CO2
injection
with the
pore
pressure
from 0.34 to
1.41 MPa
Dry coal
and
moisture
coal
saturated
CH4
4 MPa and
10 MPa
confining
pressure

Results

Reference

CH4 recovery
ratio increased
by 132%. The
final recovery
ratio reached
90%

(Fulton et
al., 1980)

Higher recovery
ratio for dry
coal and supercritical CO2 test

(Wolf et

Permeability
rise, sweep
efficiency
reaches almost
100%

(Sander et
al., 2014)

4.14 MPa
pressure,
pore
pressure.

N2 shows fast
breakthrough,
recovery ratio
excess 94%.

(Jessen et
al., 2008)

al., 2001)

b) Dry coal has better performance. For wet coal, the sweep efficiency is much lower.
It is regarded that the moisture has a negative impact on the coal adsorption
capacity. Due to the existence of moisture, the adsorption site is occupied by water
molecular. At the same time, the moisture adsorption induced matrix swelling
reduces the porosity. For these reasons, the micropores are much less in wet coal.
according to laboratory study, 1% moisture can reduce gas adsorption capacity by
25% (Krooss et al., 2002). The coal seam gas does not desorb from the coal
internal surface until the moisture concentration drops below a certain point. The
gas diffusion channels are blocked by moisture and the performance of ECBM is
reduced.
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c) N2 breakthrough is faster than CO2. In the coal seam, the gas diffusion process is
affected by micropores and the gas kinetic diameters. The diffusivity of CO2 is
almost one or two orders of magnitude higher than that of CH4 and N2. The
specific kinetic diameters of CO2, N2 and CH4 are 0.33 nm, 0.36 nm, and 0.38 nm,
respectively (Cui et al., 2004). Even though the coal sample is fully adsorbed by
CH4, the injected CO2 still can be adsorbed onto the coal matrix due to the CO2
adsorption characteristics. As a result, the injected CO2 will adsorb onto the coal
matrix rather than flow to the production borehole. N2 has the opposite trend. At
the N2 injection pressure, the coal seam will prefer to adsorb CH4 rather than N2.
Most of the injected N2 will directly flow to the downstream or the production
borehole.
d) Permeability evolutions in N2-enhanced and CO2-enhanced are different. The
permeability of the coal specimen changes during the process of gas injection, but
different trends are observed for N2-ECBM and CO2-ECBM tests. Figure 2.23
shows the coal permeability variation in Zhou’s study. In the N2-ECBM test,
permeability increases 5 times while in the CO2-ECBM test the permeability is
only one-tenth of the original permeability. Similar trends of permeability are also
reported by other studies. As mentioned in the previous section, the coal seam
permeability is governed by two factors: effective stress and sorption strain, no
matter which boundary conditions are applied to the coal (uniaxial stress condition
or triaxial stress condition). It is also observed that at the same adsorption
equilibrium pressure, CO2 induced coal matrix swelling is the largest among these
three gases: CO2, CH4 and N2. Hence, at the end of the ECBM test, almost all the
CH4 is replaced by N2 or CO2. On one hand, because gas injection pressure is
usually higher than the original coal seam gas pressure, the effective stress drops
at the end of the ECBM test. The coal seam permeability increases. Meanwhile,
N2 adsorption induced matrix swelling is smaller and the coal cleat aperture opens.
This is the reason why coal permeability increases for N2-ECBM. CO2 adsorption
induced swelling closes the cleat aperture, the permeability drops.
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Figure 2.23 Coal permeability variation with time in Zhou’s study (Zhou et al., 2013).
(a) N2-ECBM test (b) CO2-ECBM test
2.4.2. Gas migration models of enhanced coal seam gas recovery process
Besides laboratory experiments, a variety of theoretical models have been proposed to
quantify the process of enhanced coal seam gas recovery. In the ECBM process, several
key factors need to be carefully considered, including effective stress, coal deformation,
binary or ternary gas diffusion-sorption, competitive adsorption and gas flow. As a result,
the theoretical model needs to incorporate all these factors and are usually more
complicated than traditional coal seam permeability models.
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2.4.2.1.

Darcy flow and permeability models

It is regarded the gas flow in the ECBM process is laminar flow and Darcy flow law is
used to calculate the gas flow rate. Permeability is one of the most vital parameters in
ECBM. Because most of the laboratory experiments are performed under the triaxial
confining condition which is different from in situ coal seam stress condition (uniaxial
strain, constant vertical stress), the permeability models used in laboratory studies and
field studies are different. If the ECBM model is verified by laboratory studies, care
should be taken when upscaling this model to field study validations. Currently, the most
accepted permeability models for coal seam gas migration are P&M model, S&D model
and C&B model. But as these models are based on uniaxial strain and constant vertical
stress condition, several modifications should be applied to these models. For example,
binary or ternary gas adsorption induced strain should be used. Only coal seam gas (CH4)
adsorption is considered in these traditional models since they were originally developed
for coal bed methane production. The higher adsorption of CO2 and lower adsorption of
N2 should be considered when calculating the sorption strain impact on the permeability
variations. Meanwhile, if the ECBM model is proposed based on these permeability
models, the proposed ECBM model should only be used in field scale studies. But for
laboratory scale studies, the triaxial permeability should be used, such as the Connel’s
model (Connell et al., 2010b).
2.4.2.2.

Counter-diffusion and binary/ternary gas adsorption

The gas migration directions are different for coal seam gas and injection gas (CO2, N2 or
mixture). For Darcy flow, the sources of the gases are different. The source of CO 2 and
N2 is the injection borehole/well. Based on the injection method, the injection
flow/pressure governs the gas flow driven force. The sinks of CO2 and N2 contain two
parts: a part of the injected gas flows towards the production borehole/well and flows
directly out of the coal seam. The rest of the injected gas diffuses into the coal matrix and
adsorbs onto the internal surface of the coal. The coal seam gas shows the opposite
migration direction. The source of the coal seam gas is the micropores where coal seam
gas molecules adsorb. The desorbed gas firstly diffuses into the coal cleat system and then
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flows through of the coal seam. It can be seen that the counter-diffusion process occurs
between coal seam gas and injected gas. So, to some extent, the competitive adsorption
theory between coal seam gas and injected gas is not suitable here. But the extended
Langmuir isotherm is still suitable to represent the multi-component adsorption, as written:
𝑉

𝐶

𝑏

𝑘0 𝑘0 𝑘
𝑉𝑘 = 1+∑
𝑁 𝐶 𝑏

𝑗=1 𝑗 𝑗

(2-21)

where 𝑘 and 𝑗 represent the gas components, 𝐶 is the gas concentration and 𝑏 = 1⁄𝑃 and
𝐿

𝑃𝐿 is the Langmuir pressure. If the injection pressure is kept constant in the coal cleat, the
effective stress will not change during the course of injection. For this situation, coal seam
permeability is completely affected by sorption induced strain. The component of the
adsorption phase is changing during CO2/N2 injection, because the partial pressure of CH4
drops all the time in this process. The percentage of adsorbed CH4 drops and that of CO2
increases. Hence, by using the extended Langmuir model, the total sorption strain is
calculated.
2.4.3. Comparison between ECBM and enhanced gas drainage
The concept of enhanced coal bed methane (ECBM) recovery is firstly proposed in the
early 1990s (Puri and Yee, 1990). In order to investigate the feasibility of ECBM, a
number of field tests have done under in situ conditions around the world, such as the
United States, Australia, Poland, China, Japan. The first and large full-scale N2-ECBM
field practice was conducted in the San Juan basin in 1998 (Reeves and Oudinot, 2004).
A total of 10 N2 injection wells and two production wells were used in this practice. The
average injection volume is between 0.68e6-0.79e6 m3/day. Before N2 injection, the gas
production rate was very low (0.14e6 m3/day by 34 wells) and was not enough for industry
production. After N2 injection, the gas maximum daily production reached 0.82e6 m3/day,
an approximate 5-fold increase. Meanwhile, N2 percentage increased sharply in the
production well, which means N2 breakthrough was very fast. Permeability reduction
effects are significant in CO2-ECBM process due to the larger strain induced by CO2
adsorption. In coal seam, the matrix swelling can cause the apertures of the fracture to
decrease. It is found that the CO2 injection capacity dropped to 50% in the San Juan Basin
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CO2-ECBM field project in the first two-year’s injection, which mainly due to the
permeability reduction effect (Reeves, 2001).
CO2/N2-ECBM projects were conducted by researchers from different countries and the
performance is much better than primary gas production (Pashin et al., 2015; van Bergen
et al., 2009; Zarrouk and Moore, 2009). This technology significantly improves the CBM
production. But for underground coal mine gas drainage, this technology is reported much
less. One of the field projects was conducted in a coal mine located in the Bowen Basin,
Australia (Packham et al., 2012). This project was conducted from July to November 2010.
By using a surface-inseam (SIS) borehole, a total of 1,600,000 m3 N2 was injected into
the coal seam (one longwall panel). From the production borehole, 350,000 m3 of CH4
was produced. The results indicate the gas drainage performance is enhanced by N2
injection. However, there are some significant differences between the ECBM project and
enhanced gas drainage projects. Table 2.5 compares the differences between N2-ECBM
project and N2 enhanced gas drainage. The N2-ECBM project was recently reported by
Bustin (Bustin et al., 2016), a failed field trial in Piceance Basin, Colorado. From the
comparison, even though the gas migration theory is the same in both ECBM and
enhanced gas drainage projects, the testing conditions show the following differences.
(1) The working sites are different. For ECBM projects, both of the injection wells and
the production wells are drilled from the surface, while for the enhanced gas drainage in
underground coal mines, the gas injection work can be done from the surface or from
underground. The gas injection is commonly implemented through gas drainage
boreholes. Based on the gas drainage plan, the surface inseam (SIS) boreholes and
underground inseam (UIS) boreholes may be drilled in different coal seams. The gas
source would bring a difficulty because it is required to be transported from surface to
unground in advance. Due to the narrow working area of underground coal mines, the
volume of injection is limited compared with surface injection.
(2) There are different scales for ECBM and enhanced gas drainage. The targeted coal
seam is much larger in spatial area for ECBM than for enhanced gas drainage. Usually,
the distance between injection well and production well is over one kilometre, exceeding
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three kilometres in some projects. In underground coal mines, the longwall panel is
targeted and the distance between injection borehole and production borehole is much
shorter (less than 300 m). The small scale in enhanced gas drainage project makes it more
likely to be successful. The injection parameters (injection pressure, injection time) are
easy to control. As summarized in Table 2.5, one possible reason for the no breakthrough
is the large distance between the injection well and the production well. Higher injection
pressure and long period of injection time are required for this project. It would be much
harder for gas breakthrough.
(3) The geological settings of the targeted coal seams are different. At present, most of
the coal mines are less than 1000 m deep, even though some coal mines exceed 1000m in
several countries. The in situ stress is relatively low and the permeability of the seam is
higher. Besides, the mining activities would lead to the stress redistribution and the coal
seam permeability usually is higher than 0.1 mD. The coal seam for ECBM is much
deeper, usually exceeding 1000 m. For CO2 geo-sequestration projects, the coal seams are
even deeper. Under these conditions, the permeability is extremely low, which would
adversely impact the gas injection.
(4) The objectives are different. In underground coal mines, for outburst management it
is regulated to reduce the coal seam gas content below the threshold limit value. Coal and
gas outburst may occur if the gas content is high. So, the objective of enhanced gas
drainage is to reduce the gas content in a short period of time. But for ECBM, the produced
methane is collected and used. The early breakthrough would increase the cost of
separating N2 from gas production. For enhanced gas drainage project, N2 would be the
only gas that can be used. Because CO2 adsorption capacity is larger than CH4, the CO2
injection will not reduce the coal seam gas content. The objective of enhancing gas
drainage to meet the outburst threshold will not be reached by CO2 injection.
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Table 2.5 Comparisons between ECBM and enhanced gas drainage for three field trials
Packham’s trial
Location
Depth of cover (m)
Borehole/well
layout

Distance between
injection and
production (m)
Coal seam
permeability
Seam gas content
Coal seam gas
composition
Injection pressure
N2 injection volume
N2 injection rate
Injection duration
N2 breakthrough
Breakthrough time

An Australia coal
mine
160 m-180 m
Surface to in-seam
boreholes (SIS),
one injection
borehole and two
production
borehole
150-200 m

1-5 mD
6 m3/t (after predrainage)
CH4
400-600 KPa
1,638,345 m3
22,464 m3/day
120 days
Yes
Less than 5 days

Gas production

865,369 m3

Gas composition
after injection
N2 consumption/gas
production ratio

20% (N2)
18.9

Bustin’s trial
(Bustin et al., 2016)
Piceance Basin,
Colorado
1066 m
Vertical well, one
injection well,
three production
well

Over 500 m

0.5 mD (or even
smaller)
10 m3/t
CH4
8-10 MPa
790,000 m3
57,000 m3/day
15 days
No
No breakthrough,
more than 30 days
No flow from the
production well
90% N2 (from the
injection well)
-

2.5. Summary
This chapter presents the literature review on the coal sorption characteristics, gas flow
properties and enhanced coal seam gas recovery. From these aspects, it is clearly shown
that the mechanisms of N2-enhanced and CO2-enhanced coal seam gas recovery are
different. Due to the higher adsorption affinity between coal and CO2, the adsorbed CH4
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is easily replaced by CO2 and the coal seam gas recovery is enhanced. It should be noted
that the permeability reduction effects are obvious for CO2-ECBM based on these
permeability models. Meanwhile, the unminable coal seams are suitable and would be the
potential candidates for CO2 geo-sequestration.
In underground coal mine gas management projects, CO2 enhanced coal seam gas
recovery would not be practical because it has a higher adsorption capacity. The coal and
gas outburst hazards are not eliminated by this method. N2 injection enhanced gas
recovery will be one effective means. Even though it has less adsorption ability than CH4,
the continuous injection of N2 will decrease the partial pressure in the coal fracture system.
As a result, coal seam gas is more likely to desorb and the total recovery and the efficacy
are improved.
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3. SORPTION ISOTHERM TESTS AND ADSORPTION INDUCED
STRAIN MEASUREMENT
3.1. Introduction
The purpose of this study is to investigate enhance gas drainage performance by N2
injection, so it is essential to know the sorption capacity of coal to different gases, such
as nitrogen (N2), methane (CH4) and carbon dioxide (CO2). In order to investigate the
sorption characteristics of coal to different types of gases, sorption isotherm tests were
carried out in this chapter. The coal sorption is measured at a constant temperature by
increasing the adsorption pressure in different gas environments. Coal sorption isotherms
play a vital role in the areas of underground coal mine gas management, coal bed methane
recovery, enhanced coal bed methane recovery and CO2 geo-sequestration.
Meanwhile, it is widely accepted that the sorption induced matrix strain plays an
important role in coal seam permeability variation. In order to find the swelling and
sorption characteristics of the coal matrix, a number of researchers performed laboratory
tests of coal sorption and matrix swelling strain with different gases. Krooss and Bergen
(2002) used dry and moisture-equilibrated Pennsylvanian coals to perform adsorption
measurement of methane and CO2 at different temperatures. Mazumder et al (2008) used
a coal core to conduct core flooding experiments with CO2, N2 and flue gas to obtain a
better design of the injection system and management on an ECBM project. From
laboratory isotherm tests, the coal adsorption capacity of CO2 is approximately twice
larger than that of methane (White et al., 2005). Other studies show that the ratio of the
coal adsorption capacity (CO2/CH4) may be as high as 10:1 in some low-rank coals (Shi
and Durucan, 2008). In this chapter, the swelling strain is measured.
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3.2. Adsorption isotherm tests
3.2.1. Experimental apparatus
In this test, only one sample cell (or cylinder) is used for calculation of sorption volume
and this method is referred to as the indirect gravimetric method. Figure 3.1 and Figure
3.2 show the modified version of the apparatus currently being used in the gas laboratory
at University of Wollongong, as reported also by Sereshki (2005) and Zhang et al. (2011).
This sample cell is equipped with a pressure transducer which is connected to the data
logger. The gas pressure is recorded during the sorption test. The constant temperature is
provided by a water bath. For the sorption test, coal powders or a standard cylindrical core
sample can be placed into the sample cell. The weight of the loaded coal is approximately
200 g. For each step of the sorption process, a high accuracy balance (Mettler PK 2000,
as shown in Figure 3.3) is used for obtaining the weight of injected gas. Meanwhile, the
dead volume of the canister can be measured by non-adsorption gas helium. So, when gas
sorption equilibrium is reached, the sorption phase of gas and free gas can be calculated.

Figure 3.1 Schematic diagram of the modified gravimetric method with sample cells
(cylinders) (Zhang, 2012)
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Figure 3.2 Coal adsorption apparatus

Figure 3.3 Coal adsorption cell
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Figure 3.4 Mettler PK 2000 balance

Figure 3.5 The calibration machine for the pressure transducer
3.2.2. Experimental procedures
Before the experiments, coal samples were collected from the Metropolitan coal mine,
located in the Southern Sydney Basin. Large fresh coal lumps were selectively obtained
from newly exposed ribs of a development heading then tightly wrapped by plastic bags
and transported to the laboratory. Then it was crushed by a pulverizing machine and
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sieved by an automatic shaking rig. The size range of the coal powders is 0.5-1.13 mm.
Approximately 200 g of sieved coal sample was placed into the sample cell which has a
pressure transducer connected to the data logger and computer. The pressure transducer
is calibrated by the specially designed machine as shown in Figure 3.5.
For the adsorption isotherm tests, the following steps are adopted:
1. The empty sample cell is weighted and recorded as W0.
2. Prepare the coal powders, load into the sample cell and record the weight of the
sample cell after charging. The weight of the charged coal sample can be
calculated.
3. Place the sample cell into the water bath and set the water temperature as 333K,
use the vacuum to remove the air from inside of the canister. The purpose of the
high temperature is to remove moisture from the coal samples and keep the
vacuum pump working for 48 hours, and record the weight of the sample cell, W1.
The coal weight without moisture is obtained.
4. Adjust the water bath temperature to 303K and inject helium into the sample cell
for measuring the void volume after loading the coal sample into the sample cell.
Make sure the pressure is stable and record the pressure value PHe.
5. The sample cell is weighted again. Record the reading, W2 then the injected
helium can be calculated.
6. Repeat Steps 4-5. For each cycle, increase the helium pressure step by step, with
pressures of 1, 2, 3 and 4 MPa, respectively.
7. The dead volume of the sample cell is obtained. Then connect the sample cell to
the vacuum pump.Keep it running for two hours to make sure no residual helium
existing in the sample cell.
8. In this study, different types of gas are used for adsorption. Specifically, the testing
order is N2, CH4 then CO2. N2 is first injected into the sample cell to the targeted
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pressure value. Use the balance to record the weight after N2 injection, WN2. The
injected N2 can be calculated.
9. Keep monitoring the N2 pressure. Due to the adsorption process, the N2 pressure
drops gradually. When the pressure does not drop for two hours, we regard
adsorption equilibrium is reached. Record this reading, PN2.
10. Repeat Steps 8-9 to increase the N2 equilibrium pressure. In this way, the final
adsorption isotherm is obtained at 303K. N2 adsorption pressure starts from
0.5 MPa and ends at 4 MPa.
11. The same procedures are used for CH4 and CO2.
3.2.3. Test results
3.2.3.1.

Dead volume calculation

The coal sample used for adsorption isotherm is calculated as: 𝑊coal = 𝑊1 − 𝑊0. The
weight of the coal is 154.651 g. Table 3.1 and Figure 3.6 show the results of weight and
pressure. It can be seen as a very good linear fitting between sample cell weight and
helium pressure. We can conclude that the dead volume measured by helium is accurate
and reliable.
Table 3.1 Helium pressure and sample cell weight at different points
Pressure
(KPa)
Weight (g)

Point 1
700

Point 2
1350

Point 3
2050

Point 4
3000

Point 5
4040

1894.293

1894.507

1894.759

1895.091

1895.455
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Figure 3.6 The relationship between the weight of sample cell and helium pressure
Based on the real gas pressure law (Soave-Redlich-Kwong SRK equation), the
relationship between gas pressure and gas volume can be defined as: PVvoid =
nvoid ZSRK RT . The void volume in a sample cell can be calculated from the SRK equation:
Vvoid =

ZSRK RTnHe
PHe

=

ZHe RT
PHe

W

× M He

(3-1)

He

where nHe is the molar volume of injected helium, R universal gas constant, T the
temperature and ZHe the helium compressibility at the experiment pressure. In this test,
the dead volume is calculated as 0.22 L.
3.2.3.2.

Adsorption calculation

The same calculation method is adopted for N2, CH4 and CO2 adsorption test. Here we
use N2 as an example. In each pressure point, the weight of injected N2 is:
𝑊inj = 𝑊𝑁2𝑖 − 𝑊𝑁2 𝑖−1

(3-2)

where 𝑊𝑁2𝑖 is the sample cell weight in 𝑖 point.
Here we convert into mole mass by using:
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𝑛𝑖𝑛𝑗 =

𝑊𝑖𝑛𝑗

(3-3)

𝑀𝑁2

when adsorption equilibrium is reached, the free N2 in the sample cell is calculated as:
𝑛𝑓𝑟𝑒𝑒 =

𝑃𝑁2 𝑉𝑣𝑜𝑖𝑑

(3-4)

𝑍𝑅𝑇

where 𝑍 is the compressibility factor at the gas pressure and temperature. T is the water
bath temperature. R is the universal gas constant.
Hence, the adsorption state gas is calculated :
𝑛𝑎𝑑𝑠𝑜𝑟𝑏 = 𝑛𝑖𝑛𝑗 − 𝑛𝑓𝑟𝑒𝑒

(3-5)

The amount of N2, CH4 and CO2 adsorption at different gas pressure is calculated using
the equations described above and the results presented in Figure 3.7. Langmuir model is
used to fit the experimental data with the Langmuir isotherm is also plotted in Figure 3.7.
The Langmuir model is written as:
𝑉 𝑃

𝑉 = 𝑃 𝐿+𝑃

(3-6)

𝐿

where 𝑉 is the adsorbed volume per unit mass of coal, 𝑉𝐿 the Langmuir volume, 𝑃 gas
pressure and 𝑃𝐿 Langmuir pressure. The Langmuir constants for different gases are
summarized in Table 3.2.
Table 3.2 Langmuir constants of different gases at 303K
Gas type
N2
CH4
CO2

Langmuir volume
𝑽𝑳 (m3/t)
12.37
15.98
31.45

Langmuir pressure
𝑷𝑳 (MPa)
18.3
1.23
0.91
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R2 value for curve
fit
0.97
0.99
0.98

Figure 3.7 Adsorption isotherm of different gases at 303K

Table 3.3 Adsorption test results
N2
CH4
CO2
Pressure Adsorption Pressure Adsorption Pressure Adsorption
(KPa)
(m3/t)
(KPa)
(m3/t)
(KPa)
(m3/t)
0
0
0
0
0
0
702
0.68
438
4.01
492
10.32
1,134
1.50
970
7.163
1,057
16.27
1,648
2.49
1,580
9.08
1,585
19.31
2,209
3.35
1,993
9.86
2,089
21.30
2,776
4.07
2,396
10.52
2,578
23.13
3,311
4.49
2,989
11.38
3,031
24.29
3,681
4.85
3,573
11.83
3,569
25.48
4,173
5.32
3,986
12.19
4,100
26.26

3.3. Adsorption-induced coal swelling test
In this section, the same coal sample cell is used for measuring the strain induced by gas
adsorption, as shown in Figure 3.8. A cylindrical coal sample cored from the same coal
lump is used for this test. To obtain the standard core sample of 50 mm diameter and
100 mm length, the coal block was first concreted before drilling. This is to avoid the core
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breakage due to the fragile nature of the coal. After core drilling from coal blocks, the
coal cylinders are trimmed using a cutting saw to achieve a length of 100 mm. Two strain
gauges are attached. One is parallel to the bedding plane and the other is perpendicular to
the bedding plane. The testing procedures are similar to the previous test. During this test,
all the strain readings and adsorption volumes are recorded and calculated up to 4 MPa
gas pressure.

Figure 3.8 Sample cell for coal adsorption and swelling strain measurement
From the strain experiment data, it can be seen that the swelling volumetric strain is
obviously identified as a Langmuir-like curve, shown in Figure 3.9, which is often used
to empirically describe the swelling strain (Pan and Connell, 2007, 2012; Shi et al., 2014):
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𝜀=𝑃

𝜀𝐿 𝑃

(3-7)

𝜀𝐿 +𝑃

The Langmuir constants of swelling volumetric strain in different gases are summarized
in Table3.4.
Table 3.4 Langmuir constants of swelling volumetric strain in different gases at 303K
Gas type
N2
CH4
CO2

Langmuir strain
𝜺𝑳 %
0.487
0.562
1.278

Langmuir pressure
𝑷𝜺𝑳(MPa)
20.3
2.17
1.64

R2 value for the
curve fit
0.97
0.99
0.98

From the test results, it can be seen that CO2 has the largest sorption capacity on coal
among these three gases. The adsorption capacity of CH4 is only a half of that comparing
to CO2, and coal adsorption capacity of N2 is the least, which matches with the previous
experiment data (Majewska et al., 2010; Wang et al., 2014b). In our test, with the gas
pressure increased step by step, the adsorption amount of CO2 is almost twice larger than
that of CH4 through all gas pressure points. By comparing, the adsorption amount of N2
is about half of the CH4 adsorption amount. Consequently, the adsorption-induced coal
matrix swelling strain has a similar trend with the coal adsorption isotherm curve. But the
maximum volumetric swelling strain in our test is at a gas pressure of 4 MPa and CO2
volumetric swelling strain of 0.9% is almost three times greater than that of CH4 at the
same gas pressure. Due to the less swelling effect of N2 comparing with CO2, binary gas
mixtures of N2 and CO2 were usually used in ECBM test to weaken the coal matrix
swelling effect (Pini et al., 2009).
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Figure 3.9 Gas adsorption-induced volumetric strain and Langmuir model fit

The relationship between volumetric strain and the amount of gas adsorbed for different
gases is shown in Figure 3.10, and a linear fit is plotted on the experimental data. As
shown in Figure 3.10, the linear fit can well describe the correlation. Guo et al. (2016)
developed a two-stage linear model for the gas adsorption to describe the correlation
between the gas adsorption and swelling strain, which means in the low gas pressure and
the high gas pressure the line ratios are not the same. While in our test, adsorption only
occurred at the low gas pressure and the Langmuir model can fit the experimental data
well. That means our tests match the Guo’s model in our test gas pressure range.
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Figure 3.10 Relationships between adsorption amount and adsorption-induced volumetric
strain

The test results show that the coal sample has a significant anisotropy between the two
different directions: perpendicular to the bedding plane and parallel to the bedding plane.
These anisotropic strain results are the same as the previous results (Day et al., 2008;
Majewska et al., 2010; Wang et al., 2014b). During the swelling test, the strain
perpendicular to the bedding plane and strain parallel to the bedding plane was calculated.
Figure 3.11 shows the ratio between perpendiculars and parallel strain with respect to gas
pressure. From Figure 3.11, it can be seen that the perpendicular strain is always larger
than that in the parallel direction, which matches to the previous experiment data
(Anggara et al., 2016). Also, this ratio is stable for different gases and the ratio ranges
from 1.1 to 1.8. Meanwhile, the ratio of N2 adsorption is relatively higher than that of CO2
and CH4 except for the data at 1.5 MPa gas pressure. One possible reason is the adsorption
volume. The more gas adsorbed onto the coal, the swelling isotropic characteristic is
weaker.
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Figure 3.11 Strain ratios in different directions (perpendicular/parallel)

3.4. Free swelling test after CO2 injection
In the CO2-ECBM process, with the injection of CO2, the gas pressure in the coal cleat
system is increased immediately and the gas pressure is then kept as a constant value.
With the increase of gas pressure, the permeability at first has an increasing trend (Reeves
and Oudinot, 2004). Then as CO2 is gradually adsorbed onto the pore surface of the coal
matrix, the swelling effect becomes evident, leading to the permeability reduction. To
study the permeability changes during the ECBM process, many laboratory experiments
were conducted under different conditions. These included the free swelling experiment
and the triaxial swelling experiment. However, neither of these experiments can
completely replicate the real conditions of the CBM production process in the field.
Harpalani and Mitra (2010) attempted to perform the uniaxial strain test to replicate the
ECBM in the laboratory by adjusting the confining pressure to keep the horizontal strain
as a constant value. But due to the coal sample mechanical characteristic, it was
impossible to obtain the horizontal strain as a constant value. From Harpalani’s study, the
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coal swelling both in the confining condition and the free swelling condition is different
from CO2 adsorption than from CH4 adsorption. And the amount of CO2 adsorption
induced volumetric swelling is about 2 - 3 times greater than that of CH4. Obviously, the
main difference between the confining swelling test and the free swelling test is the
confining pressure. The strain can be described by the following relationship (Jaeger et
al., 2009):
1

𝜀𝑏 = 𝜀𝑏𝑠 − 𝐾 (𝑝𝑐 − 𝛼𝑝)

(3-8)

where 𝜀𝑏 is the volumetric strain under triaxial stress condition, 𝑝 the pore pressure, 𝜀𝑏𝑠
the sorption strain, 𝐾 the bulk modulus, 𝑝𝑐 the confining pressure and 𝛼 the Biot
coefficient. Using Equation (3-8), the in-situ matrix swelling state can be estimated from
free swelling experiments.
In the ECBM process, when injected, CO2 moves through the cleat system of the coal
seam and from there, diffuses to the coal matrix where it is preferentially adsorbed. Higher
pressure is needed to inject CO2 into the coal seam. During this short period, the gas
pressure in the cleat system increases with CO2 injection. When the CO2 molecules arrive
at the micro-pores in the matrix, due to the preferential adsorption characteristics of CO2
relative to methane, the CO2 molecules are adsorbed onto the surface of the micro-pores
thus replacing methane. Even though the test equipment was the same as for the isotherm
test, different procedures were applied to do this test. The objective of this study is to find
the swelling effect after CO2 injection. The following experiment was designed:
Vacuum the sample cell for 24 hours and record the weight of the sample cell, W0.
1. Saturate the coal sample with methane. Keep the methane pressure at 2 MPa until
adsorption equilibrium. The total injected methane and adsorbed methane can be
calculated by related equations. Record the swelling strain and sample cell weight
Wbefore.
2. Inject CO2 into the sample cell, increase the total gas pressure in the sample cell
to 3 MPa, keep the CO2 injection pipeline connected to the sample cell until the
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strain data has not changed for two hours then record the weight of the sample cell
Wafter.
3. Use the syringe to collect gas samples and analyse the gas composition.
4. Repeat Steps 3-4, increase the gas pressure in the sample cell to 3.5 MPa.
The strain data logger recorded the strain value from when the methane was injected into
the sample cell. Figure 3.12 shows the strain changes during the experiment representing
the ECBM process. The sample cell was first filled with 2 MPa methane. Once CH4 was
injected into the sample cell, the coal specimen was in a compression state, which was
due to the 2 MPa methane’s pressure when the methane was not adsorbed onto the coal.
With the gas migrating into the coal specimen, after approximate 50 minutes, the negative
strain gradually decreased to zero and showed positive strain. To find out how much gas
including methane and CO2 was adsorbed onto the surface of the coal, gas composition
was measured in the following steps. The syringe was used to collect gas samples after
gas equilibrium reached. A small amount of gas was collected from the sample cell and
was injected into the Micro-GC. Gas composition was analysed by the Micro-GC. The
test results are listed in Table 3.5. In our test, a 15 ml syringe was used to obtain gas
samples. During this process, the valve was controlled carefully to make sure the gas
sample could be collected. At atmospheric pressure, 15 ml gas mixture was obtained. By
the gas law, in the sample cell, the gas volume under 3 MPa was only 0.5 ml and 0.42 ml
under 3.5 MPa. Compared with the total void volume in the sample cell (approximately
300 ml), the gas sampling process has no effect on the gas composition. During the test,
the gas pressure was monitored at the real time and a data logger used to record these data.
From the data, if we find that the gas pressure has not dropped over two hours, the
equilibrium was reached. Meanwhile, we compare this process with the CH4, CO2
adsorption isotherm tests. The time used in the sorption test can give us guidance.
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Figure 3.12 Coal swelling strain with respect to time during the ECBM process*
* CH4 adsorption equilibrium requires a very long period. Due to the limitation of testing
equipment, CO2 injections were conducted at the time of 1014 minutes and 1520 minutes,
before reaching adsorption equilibrium.

With methane gradually adsorbed onto the coal matrix surface, the compression effect
was decreasing and coal swelling strain appeared. The sample cell was connected to the
methane injection pipeline until the strain data was stable. As shown in Figure 3.12,
approximately 1014 minutes after methane injection, it was regarded that the methane
adsorption reached near-equilibrium (due to the limitation of the testing equipment and
the long time period before reaching equilibrium). Methane induced coal matrix swelling
strain was 0.27%. Then CO2 was injected into the sample cell to replicate the CO2-ECBM
process, total gas pressure reached 3 MPa. The swelling strain was immediately
increasing in the following 300 minutes, and then the swelling strain was stable, at 0.7%.
CO2 injection was started again 1500 minutes later, leading the volumetric strain to
increase again between 1500 minutes and 1650 minutes. The gas pressure in the sample
cell reached 3.5 MPa, and the volumetric strain was stable at 0.83%. To better understand
the swelling effect, volumetric swelling strain with respect to gas pressure was plotted in
Figure 3.13. It can be found that when methane adsorption equilibrium reached, the
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swelling strain was close to the value measured during the isotherm test. When CO2 was
injected at 3 MPa, the swelling stain was greater than the pure methane induced strain at
3 MPa, but its value was less than the pure CO2 induced strain at 3 MPa. When the mixed
gas pressure was 3.5 MPa, the total strain was 0.83%, still less than the pure CO2 induced
strain of 0.87%. The swelling ratio was closely related to the gas adsorption.

Figure 3.13 Volumetric strains during ECBM process

Table 3.5 Gas composition at equilibrium state
Mixture pressure
CH4 percentage
CO2 percentage

3 MPa
67.04%
32.96%

3.5 MPa
57.09%
42.91%

By using the above equations, the adsorbed gas and free phrase state gas volumes were
obtained at different gas pressure, and the results are shown in Table 3.6. From the
methane isotherm, the adsorption quantity in 2 MPa methane is 9.86 m3/t. By calculation,
the adsorption quantities at the 3 MPa and 3.5 MPa equilibrium states are 9.206 m3/t and
9.143 m3/t respectively, shown in Figure 3.14.
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Table 3.6 Gases volume at different adsorption state (equivalent to one atm pressure)
Mixture
pressure
Adsorption
phrase gas
Free phrase
gas

2 MPa
CH4(L)
CO2(L)
3.106
0
4.6

0

3 MPa
CH4(L)
CO2(L)
2.9
5.329
4.8

2.36

3.5 MPa
CH4(L)
CO2(L)
2.88
6.08
4.82

3.63

Figure 3.14 Methane adsorption quantities at different adsorption pressure
In the CO2-ECBM field trials, the gas conditions are very similar to our test in a very early
period. At the first stage, CO2 is injected into the coal seam. It may take a very short time
for the CO2 molecules to diffuse into the coal matrix while it may take a long time to form
a methane pressure difference. From the laboratory test, the time of the diffusion process
of methane may vary for different coal types (Ranathunga et al., 2017). At this stage in
the cleat of the coal seam, CO2 concentrate is relatively high near the injection well, thus
a CO2 pressure difference is formed in the coal seam cleat system. From Darcy’s law, the
pressure difference can drive gas transport in the coal seam cleat (Vishal et al., 2015; Wen
et al., 2015). The methane molecules are blown out in some degree, thus the methane
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partial pressure decreases. A methane pressure difference occurs between the cleat and
the matrix, resulting in the methane desorption. This process may take a few days if the
coal seams permeability is relatively high. While in the low permeability coal seam, it can
take months to form the methane pressure difference. Once CO2 is injected into the coal
seam, a CO2 pressure difference in the coal seam near the injection well is immediately
formed. This is the reason why CO2 molecules diffuse into the coal matrix much faster
than methane molecules diffuse out of the coal matrix. Based on this phenomenon, we
designed our test.
From the test results, it can be found that CO2 is adsorbed onto the coal matrix pores and
leads to the coal matrix swelling. At 3 MPa of the total pressure, the CO2 partial pressure
is 1 MPa and methane partial pressure 2 MPa. If using the corresponding gas pressure
induced matrix swelling values, the total swelling strain of the coal matrix in 3 MPa
mixture gas should be 0.718% while the measured data is 0.66%. At 3.5 MPa conditions,
the CO2 partial pressure is 1.5 MPa and the methane pressure 2 MPa, this total value is
0.851%, close to the measured value of 0.838%. From these comparisons, we can
conclude that to a certain extent, the mixture gas induced coal matrix swelling is equal to
the sum of the corresponding gas partial pressure induced coal matrix swelling. But some
discrepancy still exists. These results show that CO2 injection can increase the coal matrix
swelling, but the mixed gases do not induce enhanced swelling. From the tests results, the
CO2 adsorption can affect the methane adsorption with the amount of adsorbed methane
dropping from 9.86 m3/t to 9.21 m3/t. With the methane partial pressure decrease in the
cleat system, the methane replaced ratio will increase. A further test can be designed to
reduce the methane pressure.
The CO2 injection has an effect on the methane adsorption at different gas pressures. The
methane adsorption mass decreased with CO2 injected into the sample cell. From previous
research (Day et al., 2012), the ability of coal adsorbing different gases varies. The
solubility parameter, which is used to estimate the mutual dissolution ability of materials,
can be used to explain this phenomenon. The closer the solubility parameter is, the
stronger the mutual interaction is. This parameter for coal, CO2, CH4, N2 is 25,15, 12 and
9 MPa0.5, respectively (Han et al., 2017). As a result, the CO2 is more easily to adsorb
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onto coal internal surface, and the methane molecules are replaced by the CO2 molecules.
Gas mixture increased from 2 MPa to 3 MPa, CO2 partial pressure was 1 MPa, and the
swelling increased from 0.272% to 0.65%, the ratio is 0.0378%/100 KPa. From 3 MPa to
3.5 MPa, the swelling increased from 0.65 to 0.839%, the ratio is 0.0377%/100 KPa. We
can see the swelling incensement ratio is stable. However, we can calculate the methane
production incensement and the methane decrease was not significant. Increasing gas
pressure from 2 MPa to 3 MPa, the methane adsorption amount only dropped 0.6 m3/t.
Moreover, a smaller effect was found when increased gas pressure from 3 MPa to
3.5 MPa. Methane adsorption mass only decreased 0.05m3/t. Comparing to the adsorption
effect, matrix swelling strain experienced a remarkable increase.
From the test results, it can be found CO2-ECBM is feasible even though the amount of
enhanced methane is not as much as expected. It is matched with the field trial in ECBM
production with the methane production increasing at the first stage. However, the
replaced ratio is very low in our test. One possible reason is that the methane pressure is
stable which cannot form a pressure difference, thus the desorption effect is not significant.
In the real ECBM process, with the injection of CO2, methane gas is migrating in the coal
cleat system. The methane pressure decrease in the cleat that near the matrix can lead to
methane desorption. As a result, methane molecules are replaced by CO2 molecules on
the coal internal surface. Another reason is that the in-situ gas content is relatively high.
In this test, methane adsorption equilibrium pressure is only 2 MPa, while in the natural
gas reservoir, the methane pressure can reach to 11 MPa (Reeves and Oudinot, 2004).
More gas is adsorbed onto coal when increasing gas pressure to this level. However, the
effect of increasing CO2 pressure is not good, which has an important implication to field
ECBM. The injection pressure is not “the higher the better" and an appropriate injection
is required based on the reservoir pressure. From the test, the methane adsorption dropped
relatively less compared to the swelling strain. From the permeability view, the swelling
effect can have an effect on the permeability reduction.
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3.5. Summary
In this chapter, the sorption characters were investigated, including the adsorption
isotherm tests and the sorption-induced swelling measurements. This coal sample has the
largest adsorption capacity of CO2 and has the smallest adsorption capacity of N2.
Specifically, at 4 MPa adsorption pressure, 303K, the adsorption volumes of CO2, CH4
and N2 are 26m3/t, 12.1m3/t and 5.3 m3/t, respectively. The CO2 adsorption volume is
approximately 5 times larger than that of N2. Here, we can conclude that in N2 injection
enhanced coal seam gas recovery process, most of the injected N2 will flow out of the coal
seam rather than stay inside of the coal seam as adsorption phase state. This process will
not induce coal and gas outburst of N2. It is also suggested that N2 injection enhanced coal
seam gas recovery is different from CO2 injection enhanced coal seam gas recovery. The
adsorption ability of N2 is weaker than that of CH4 or CO2, so the mechanism is different
in these two methods.
The adsorption-induced strain is measured in two directions, parallel to the bedding plane
and perpendicular to the bedding plane. It is observed that the adsorption-induced strain
has the same trends as the adsorption capacity. CO2 adsorption induced strain is the largest
and that of N2 is the smallest. A linear relationship between adsorption volume and strain
is observed in our experiments. But the strain is not the same in these two directions,
which is due to the anisotropic characteristics of coal. The strain in the perpendicular
direction is larger than that in the parallel direction. These findings are useful for
providing guidance to N2 injection enhanced coal seam gas practices. The swelling strain
will change in this process hence the coal seam permeability increases, which is more
beneficial for coal seam gas migration.
From the CO2 and CH4 mixture gas adsorption tests, we can see the swelling strain
increases sharply after CO2 injection. This process simulates the CO2-ECBM process,
which shows that CO2 injection can improve CH4 desorption process due to the
competitive adsorption. Meanwhile, the swelling strain induced by CO2 is severer than
that of CH4. As a result, the permeability of coal seam drops, which may obstruct the
success of field practices.
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4. LABORATORY INVESTIGATION OF N2 INJECTION
ENHANCED COAL SEAM GAS RECOVERY
4.1. Introduction
Laboratory experiments of N2 injection enhanced coal seam gas recovery are presented in
this chapter. The coal samples were collected from the Metropolitan coal mine located in
Southern Sydney basin. This coal mine experiences high CO2 composition greater than
80 percent in some areas and gas drainage results are extremely unsatisfactory. Cylinder
samples were obtained in the laboratory of the University of Wollongong. N2 flushing
tests were carried out by using the triaxial testing rig. Two different injection methods
were adopted: continuous injection method and cyclic injection method.
For the continuous injection tests, N2 flood tests were conducted under different
permeability conditions (0.3 mD and 0.06 mD). A triaxial permeability test rig equipped
with a back pressure regulator was used to conduct the test. The variation of gas
composition, gas outlet flow rate, N2 flushing efficiency and permeability variation were
analysed. In addition, a comparative study between N2 flushing coal seam CO2 and N2ECBM was conducted and it was observed that CO2 was much more difficult to drain
over a longer time compared with CH4.
For the cyclic injection tests, six cycles of nitrogen injection enhanced coal seam gas
recovery laboratory tests were carried out. In each test, 200 minutes of N2 injection was
implemented using a triaxial testing cell with the coal sample saturated with carbon
dioxide. Before the next injection cycle, the sample was left for approximately 20 hours
for gas desorption. The gas composition and flow rate of the outflow were monitored.
This injection method can not only improve the coal seam gas recovery ratio but also
reduce the N2 consumption volume and the cost of separating gas mixture products in
nitrogen enhanced coalbed methane recovery (N2-ECBM) projects.
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4.1.1. Sample collection and preparation
Coal samples were obtained from a longwall development heading of an underground
coal mine currently extracting the Bulli seam, Sydney basin of Australia. This coal mine
experiences high CO2 composition greater than 80 percent in some areas and gas drainage
results are extremely unsatisfactory. Due to the preference of CO2 in coal seam, it usually
takes much longer time to reduce the gas content below the threshold limit value (TLV)
of 5 m3/t for pure CO2 based on Bulli seam Outburst regulations (Lama and Bodziony,
1998). Large fresh coal lumps were selectively obtained from newly exposed ribs of the
heading and then tightly wrapped by plastic bags and transported to laboratory. Core
specimens of 54 mm in diameter and 112 mm in length were obtained for nitrogen
flushing tests after drilling, cutting and polishing in the laboratory as shown in Figure 4.1.
Small chips from the coring process were used for proximate analysis and pore
characteristics studies. CO2 and N2 adsorption tests were conducted and Langmuir
constants were obtained by using the indirect gravity method measuring procedures from
the previous study (Wang et al., 2014a). The results are summarized in Table 4.1.

Figure 4.1 Coal lump and core sample

79

Table 4.1 Proximate analysis and Langmuir constants of Bulli coals
Mad
(wt.%)

Ad
(wt.%)

Vdaf
(wt.%)

FCad
(wt.%)

Langmuir volume
VL(m3/t)
CO2
N2

1.17

17.46

22.98

62.74

31.45

12.37

Langmuir pressure
PL (MPa)
CO2
N2
0.91

18.3

* Mad: moisture on air-dry basis; Ad: ash on a dry basis; Vdaf: volatile matter on dry ash
free basis and FCad: fixed carbon on air-dry basis.
4.1.2. Experimental apparatus and procedures
4.1.2.1.

Experimental apparatus

A schematic diagram of the experimental set-up for this study is shown in Figure 4.2.
Coal specimen was placed in a triaxial cell (designed by the University of Wollongong)
which was subject to confining stress provided by a hydraulic oil pump with a range of
0 - 20 MPa. A heat shrinkage tube was used to protect the coal specimen from oil intrusion
when high confining pressure was applied onto the specimen. A perforated plate was
placed on both ends of the coal specimen to ensure that the injected gas was dispersed
uniformly across the entire section of the sample. The axis loading was applied manually,
and the loading force was acquired by the loading transducer.

Figure 4.2 Schematic diagram of the experiment apparatus
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Three types of gas, N2, CO2 and Helium were provided from bottles of compressed gas.
Helium, as a non-adsorbing gas, was used to measure the void volume in the triaxial cell.
Prior to the N2 flushing test, CO2 was provided to saturate the coal specimen to replicate
the in-situ gas content. Unlike the traditional triaxial permeability test apparatus, a
manually controlled back pressure regulator (Swagelok Back-pressure Spring Loaded
Regulator) was installed at the outlet of the cell to reflect the impact of adsorption pressure.
Two flow meters with different measurement ranges were connected to the outlet tube to
record the gas flow rate. Transducers were used to monitor the parameters including the
inlet gas pressure, outlet gas pressure, confining pressure and loading force. All these data
were recorded automatically by a data logger controlled by a computer. A syringe was
used to collect gas samples from the outlet pipeline for gas composition analysis. A microgas chromatograph (Agilent Micro 490 series) was used to analyse the collected gas
samples.

Figure 4.3 Triaxial rig for N2 flushing tests
In this experiment, temperature has impacts on the testing results, mainly from the
following two aspects: one is the sorption characteristics of the coal specimen and the
other is the expansion and contraction of the hydraulic oil. Temperature can significantly
81

affect the adsorption capacity. Typically, the coal sorption capacity would increase when
the temperature drops under the same testing conditions. As a result, the sorption-induced
impact on permeability would change if temperature changes. The other is the impacts of
the thermal expansion of the testing rig. In this test, the triaxial pressure were provided
by the hydraulic oil pressure. In each step, the hydraulic pump provided the targeted
confining pressure. After the confining pressure reached the targeted reading, the valve
of the triaxial chamber was switched off. If the temperature changes, the expansion and
contraction of the oil will influence the confining pressure reading. The triaxial rig used
in this study was modified from the triaxial water flow testing. There was no temperature
control system equipped in the triaxial testing rig. To minimize the temperature’s
influence, the air condition was kept running during the whole test. It shows the variation
of temperature in the laboratory was less than one Celsius degree. From outlet gas flow
aspect, no significant variations were obtained between day testing reading and the
overnight reading, which means temperature has minor impact on this test.

4.1.2.2.

Measurement of void volume

Helium was used to measure the void volume inside the triaxial cell. The total void
volume consists of three parts: inlet void volume 𝑉𝑖𝑛 , void volume in coal specimen 𝑉𝑐
and outlet void volume 𝑉𝑜𝑢𝑡 . Helium was injected from 0.5 MPa to 2.5 MPa step by step
with the pressure increment of 0.5 MPa. Measurements were repeated five times to
minimize the error. Based on the ideal gas law, void volume (inlet and outlet) can be
obtained by Eq. (4-1):
𝑃𝑖 × 𝑉𝑣𝑜𝑖𝑑 = 𝑃𝑎 × 𝑉𝑖

(4-1)

where 𝑃𝑖 is the gas pressure in step 𝑖, 𝑃𝑎 is the atmosphere gas pressure and 𝑉𝑖 is the gas
volume at atmosphere gas pressure in step 𝑖.
The inlet and outlet void volume are calculated as 1.83 ml and 4.34 ml respectively, using
the above method. As the coal sample used in the test is very tight, 𝑉𝑐 is calculated as
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6.87 ml. In the flushing test, the free phase CO2 in the void volume was subtracted when
calculating the total volume of CO2 being displaced by nitrogen flushing.
4.1.2.3.

CO2 adsorption saturation and permeability determination

Ideally, a full equilibrium state should be reached before commencing nitrogen flushing.
However, as the gas diffusion process in the tight coal sample under triaxial stress could
be very slow, it was considered that equilibrium was reached after five days adsorption.
To measure the cell void volume, the sample cell was subjected to vacuum for 24 hours
to drain the residual helium. Then the CO2 injection pressure was maintained at 4 MPa
for five days and the back pressure regulator adjusted to 3 MPa mimicking in-situ gas
saturation pressure. The gas flow rate was recorded by the flow meters at one minute
intervals. After five days of CO2 adsorption, the gas flow rate at the outlet pipeline became
stable and this value was used for the permeability calculation, using the following
equation:
2𝑄 𝑃 𝜇𝐿

𝑎
𝑘 = 𝐴(𝑃𝑎2 −𝑃
2)
1

(4-2)

2

where 𝑘 is permeability (mD), 𝑄𝑎 the volumetric rate of flow (cm3/s) at the prevailing
barometric pressure, 𝑃𝑎 the reference pressure (Pa), 𝜇 the fluid viscosity (cp), 𝐿 the core
specimen length (cm), 𝐴 the cross-section area of the core specimen (cm2), 𝑃1 the inlet
gas pressure (Pa) and 𝑃2 the outlet gas pressure (Pa).
4.1.2.4.

Nitrogen flushing of CO2 saturated coal sample

Outlet flow rate and the gas composition of outlet flow are needed for evaluating the
flushing effect. In the laboratory experiments, the permeability of coal specimen varies
with the confining pressures. To evaluate the flushing effect under different stress
conditions, two sets of tests were performed with different experimental conditions on the
same specimen, as shown in Table 4.2.
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Table 4.2 Experimental conditions for nitrogen flushing tests
Test
1
2

Confining pressure
(MPa)
5
8

CO2 saturation
pressure (MPa)
3
3

N2 injection
pressure (MPa)
4
4

For each test, the following steps were followed:
1. Connect the back pressure regulator to the outlet pipeline and apply vacuum to the
system for 24 hours. Adjust the hydraulic pump to apply 5 MPa (or 8 MPa)
confining pressure to the cell.
2. Maintain the CO2 injection pressure at 4 MPa for five days, and during this period,
adjust the back pressure regulator to achieve 3 MPa. Then record the outlet gas
flow rate when the flow rate is stable. The permeability at this condition is
obtained using these parameters. After five days injection, switch off the CO2
injection valve, close the inlet valve, and monitor the system for another day to
make sure the inlet gas pressure drops to 3MPa.
3. Disconnect CO2 and connect nitrogen. Adjust the nitrogen injection pressure to
4 MPa, open the inlet valve then record the inlet/outlet pressures and outlet flow
rate at 1 min intervals using a data logger.
4. Collect a gas sample using the gas syringe which is connected by soft tube to the
outlet of the flow meter. A “T” junction is used to isolate the gas sample. The
interval of the sampling time was 5 minutes in the first hour after nitrogen injection,
10 minutes for the second hour, 30 minutes for the following 10 hours and 1 hour
after 12 hours injection. Gas composition is analysed by the micro-GC.
5. Terminate the test until there is no CO2 at the outlet.
4.1.3. Test results and discussions
Different confining pressures were applied to the specimen to replicate the different
permeability conditions. The permeability in 5 MPa confining pressure and 8 MPa
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confining pressure was 0.3 mD and 0.06 mD respectively. To evaluate the flushing
efficiency, gas composition, gas flow rate and N2 consumption/CO2 production ratio were
analysed in this study.
4.1.3.1.

Gas composition and breakthrough time

Gas samples were collected at the outlet of the triaxial rig using a specially designed
sampling bag. A “T” junction which allowed a small vacuum pump to remove the air
before sampling was connected to the sampling bag. Approximately, 50 ml gas was
collected and then a syringe was used to collect the gas sample from the sampling bag. A
volume of 15 ml gas was collected in the syringe and then injected into the micro-GC to
analyse the gas composition. Each gas sample was analysed twice to ensure the results
were correct.
From previous studies (Fitzgerald et al., 2005; Reeves and Oudinot, 2004; Reeves and
Series, 2003), it can be found the breakthrough time of the N2-ECBM test is much shorter
than that in CO2-ECBM, as N2 is less adsorbed on to coal compared with CO2. In the
flushing test, N2 was injected from the inlet pipeline and the flow rate at the outlet pipeline
was monitored. In the 5 MPa confining pressure test, N2 was detected from the outlet
pipeline in about 70 minutes while in the 8 MPa confining pressure condition, the
breakthrough time was approximately 140 minutes.
Figure 4.4 shows the gas composition and the N2/CO2 percentage ratio. Test results show
a two-stage process: Stage-I, gas composition percentage changes more dramatically and
then in Stage-II, gas percentage changes much more slowly.
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Figure 4.4 Gas composition against time (a) 5 MPa confining pressure (b) 8 MPa
confining pressure
In the 5 MPa confining pressure test, during the first 600 minutes the gas content changed
significantly before the gas content became stable. Specifically, the CO2 percentage
dropped from 100% at 70 minutes to 5.56% at 681 minutes while from 681 minutes to
4851 minutes, it dropped from 5.56% to 1.34%. The N2/CO2 percentage ratio increased
in the first 2,811 minutes after which, the ratio was stable at 70. Similar trends were
observed in the 8 MPa confining pressure condition test, but the time was much longer
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than that in the 5 MPa confining pressure condition. For example, the first stage was
observed between 0 to 4,540 minute during which the CO2 percentage dropped from 100%
to 9.3%. From 4,540 minute, the gas percentage dropped from 9.3% to 1.76% at 27,890
minutes. The N2/CO2 percentage ratio was increasing during the entire test. Compared
with the 5 MPa confining test, the gas percentage ratio changed much slower and the CO2
percentage at the critical point was higher. Specifically, the percentage was 4.6% in the
5 MPa confining pressure and 9.3% in the 8 MPa confining pressure.
In order to better understand how permeability affected the flushing result, a comparison
of CO2 percentage was made between these two tests. Because in the 5 MPa confining
pressure test, the experiment was terminated at 5,000 minutes, the first 5,000 minutes of
data in the 8 MPa confining pressure test was used in this comparison, as shown in Figure
4.5. It can be seen that the slope of CO2 decreasing is less steep than that in the 5 MPa
confining test.
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Figure 4.5 Comparison of CO2 percentage in different permeability tests
Permeability primarily affects the original free phase gas migration in the cleat system;
hence it takes more time for the free phase gas to move out of the system. Moreover, from
Fick’s diffusion law, the concentration gradient (or pressure gradient) is the driving force
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of CO2 desorption. The CO2 partial pressure gradient between cleat and matrix is smaller
leading to the CO2 diffusion process being slower than that in the 5 MPa confining
pressure test. This can be explained from two aspects: firstly, we find that the flow rate in
the 5 MPa confining pressure test is approximately 10 times larger than that in the 8 MPa
confining pressure test. As a result, it takes much longer for the original free CO2 in the
cleat pores to move out of the specimen. The CO2 concentration in the cleat is much higher
in the 8 MPa confining pressure case. During the flushing process, the CO2 concentration
gradient (or CO2 partial pressure gradient) is smaller in this case. Secondly, we find that
at the same time, the CO2 percentage is always higher in 8 MPa confining pressure test,
which means at the bottom of the specimen, the free CO2 concentration is higher. The
CO2 pressure difference between coal matrix pores and cleat pores is smaller in the 8 MPa
confining pressure test. As a result, it takes longer time for CO2 molecular diffusion.
4.1.3.2.

Gas flow rate

Gas flow rate was monitored by flow meter at 20 second intervals with Figure 4.6 showing
the flow rate against time. Gas composition was obtained through the micro-GC analyses
and then the corresponding pure CO2 and N2 flow rates were calculated. It can be seen
that gas flow experienced an increasing trend in Stage-I and then decreasing in the
following test (Stage-II). In the 5 MPa confining pressure test, gas flow rate increased in
the first 741 minutes, reaching the maximum flow rate 94.45 ml/min then dropped to 24
ml/min. In the 8 MPa confining pressure test, similar trends were observed but the
maximum flow rate was only 7.18 ml/min. The increasing trend occurred in the first 2,000
minutes and the flow rate became stable at 2.5 ml/min in the last period. As shown in
Figure 4.6, the N2 flow rate was much higher than the CO2 flow rate during most of the
test.
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Figure 4.6 Gas flow rate against time (a) 5 MPa confining pressure test (b) 8 MPa
confining pressure test
In Stage-I, the CO2 flow rate was higher than N2 in the first 220 minutes in the 5 MPa
confining test and 550 minutes in the 8 MPa confining test. The increase in N2 flow rate
was a result of the original free phase CO2 being displaced from the cleat system and the
continued injection of N2 recharged the system. Another reason was that the CO2
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desorption induced matrix shrinkage thus leading to permeability increasing. Once N2
reached the outlet gas pipeline, it began to accumulate and the N2 partial pressure started
to increase. The N2 pressure gradient (between the top and bottom of the sample)
decreased until the N2 partial pressure in the outlet gas pipeline almost approached to the
back pressure regulator limit (in this test, 3 MPa).
During the N2 accumulation process, the N2 flow rate was decreasing. Before N2
breakthrough, the N2 pressure difference between upstream and downstream was 4 MPa
(4 MPa at the inlet void volume and 0 MPa at the outlet void volume). The N2 pressure
gradient was steep. At the end of the experiment, the percentage of CO2 was 1.3%. The
calculated N2 partial pressure was 2.96 MPa and the N2 partial pressure gradient was
smaller. In the coal specimen, we regarded that N2 partial pressure decreased linearly from
the upstream to the downstream. Eventually, as almost all of the original free phase CO 2
was displaced from the specimen, CO2 flow rate was stable and limited by its desorption
rate. The N2 flow rate also reached a stable value as the pressure gradient between the
inlet and outlet (backpressure valve) became stable too.
4.1.3.3.

N2 consumption/CO2 production ratio

To evaluate N2 flushing coal seam CO2 efficiency, the N2 consumption/CO2 production
ratio, as one important parameter, is calculated. In the flushing tests, the total N2
consumption quantity and the CO2 production quantity could be calculated based on the
outlet gas flow rate and the gas composition, which were analysed in the previous sections.
Figure 4.7 shows the accumulations of CO2 production and N2 consumption with respect
to time. The CO2 production curve shows a two-stage trend and the N2 consumption
shows a linear increase with respect to time. In the 5 MPa confining pressure test, CO2
production increased rapidly in the first 600 minutes (defined as Stage-I). The CO2
accumulation quantity of a unit mass of coal (one ton) reaching at 14.3 m3 and the CO2
production rate of a unit mass of coal was 2.38e-2 m3/min.
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Figure 4.7 N2 consumption quantity and CO2 production quantity against time (a) 5 MPa
confining pressure test (b) 8 MPa confining pressure test
In Stage-II, occurred between 600 minutes to 4,851 minutes, the CO2 production of a unit
mass of coal accumulated from 14.3 m3 to 23.51 m3 and the CO2 production rate of a unit
mass of coal was 2.2e-3 m3/min. In the 8 MPa confining test, Stage-I occurred in the first
4,690 minutes. In this stage, CO2 production of a unit mass of coal was 11.69 m3 and the
CO2 production rate of a unit mass of coal was 2.49e-3 m3/min. In Stage-II, CO2
production rate of a unit mass of coal was 3.88e-4 m3/min, occurring from 4,690 minutes
to 27,890 minutes with CO2 production increasing from 11.69 m3 to 21.2 m3. From the
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N2 consumption aspect, in both tests, due to the constant N2 injection pressure, N2
consumption increased linearly after the N2 flow was stable. Compared with the gas
composition curves, in Stage-I both of the original free phase CO2 and the desorbed CO2
was displaced by N2. When all of the original free phase CO2 was flushed out, the CO2
production rate became slow, which was presented by Stage-II in the CO2 production
curve.
In the N2 flushing test, the CO2 production was concluded as two processes: a. CO2
molecules diffused from matrix to cleat; b. CO2 molecules transported in the cleat. In
Stage-I, the main product was the original free phase CO2 existed in the cleat system. For
the original free phase CO2 gas, desorption process was not essential hence the CO2
production rate was higher. In Stage-II, desorption became the constraint and the CO2
production rate was controlled by the desorption process.
The adsorption test was performed at 303 K. The Langmuir volume is 31.45 m3/t and the
Langmuir pressure is 0.91 MPa. When CO2 adsorption equilibrium was reached 3 MPa,
the CO2 content was approximately 24.3 m3/t. Following the last fatal outburst that
occurred in Australia, at Westcliff Colliery on 25th January 1994, the Coal Mining
Inspectorate and Engineering Branch of the New South Wales Department of Mineral
Resource issued a directive stipulating limits on seam gas content prior to mining. Figure
4.8 shows the Threshold Limit Values (TLV) of the Bulli seam (Aziz et al., 2011; Harvey
and Singh, 1998; Lama and Bodziony, 1998). If the coal seam gas is pure CO2, the
maximum content is 5 m3/t.
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Figure 4.8 Prescribed Bulli seam Outburst Threshold Limits (1994)

From Figure 4.9, it can be seen that, after 1,600 minutes and 24,050 minutes of flushing
in the 5 MPa and 8 MPa tests respectively, the CO2 content dropped below the TLV.
Approximately 90.5% of the total CO2 was flushed out in the 5 MPa confining pressure
test (0.3 mD) after 5,000 minutes’ flushing and 87.7% of the total CO2 was replaced in
the 8 MPa confining pressure test (0.06 mD) after 30,000 minutes of flushing. Figure 4.9
shows the N2 consumption/CO2 production ratio with respect to time. The ratio was
increasing throughout the flushing test. As mentioned above, after 1,600 minutes and
24,050 minutes of flushing in the 5 MPa confining pressure and the 8 MPa confining
pressure test respectively, it met the requirement of gas content TLV. The total N2
consumption/CO2 production ratio was 15 and 11.2 respectively. These values are
promising. The flushing effect and efficiency is acceptable for the field gas drainage. It is
also noted that, even though much more time is needed to reach the TLV with decreasing
the permeability, the N2 consumption/CO2 production ratio is decreasing.
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Figure 4.9 N2 consumption/CO2 production ratio and residual CO2 content (a) 5 MPa
confining pressure test (b) 8 MPa confining pressure test

4.1.3.4.

Permeability variation

For pure gas, the permeability can be calculated by Eq. (4-2). However, in the N2 flushing
test, binary gas mixture flowed through the core specimen. The gas pressure downstream
was constant, but the gas composition was constantly changing: CO 2 percentage
decreased and N2 percentage increased. Hence, 𝑃 2 in Eq. (4-2) is not equal to the
downstream gas pressure. From the outlet gas flow rate curve, it can be seen that N2 flow
is much higher than that of CO2. Permeability is obtained after the gas flow reaches a
steady state because the adsorption process can affect the outlet gas flow rate. Here, we
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use N2 flow to evaluate the permeability variation. This is a rough estimate of the
permeability variation because the CO2 flow rate is neglected and the gas flow is not in
the steady state. The permeability at the beginning of the flushing test should be higher
than we estimate by this method. With the CO2 flow rate decreasing, the permeability
became more precise. N2 partial pressure downstream was used to calculate the
permeability. As the back pressure regulator was set to 3 MPa, the downstream binary gas
pressure was constant at 3 MPa. Gas composition was used to calculate the N2 partial
pressure.
Figure 4.10 shows the coal specimen permeability variation against the experimental time
for different confining pressure tests. It can be seen that in both tests, permeability
experienced the same trends: increasing sharply, a slight decrease then stable at a constant
value. One possible explanation is that the gas flow is not in the steady state and only N2
flow is used for calculation.

95

10

Permeability (mD)

8

6

4

2

0
0

1000

2000

3000

4000

5000

Time (minute)
(a)

0.5

Permeability (mD)

0.4

0.3

0.2

0.1

0.0
0

5000

10000

15000

20000

25000

30000

Time (minute)
(b)

Figure 4.10 permeability variations against time (a) 5 MPa confining pressure and (b)
8 MPa confining pressure
In the 5 MPa confining pressure test (initial permeability 0.3 mD), the permeability
increased significantly in the first 800 minutes of the test with the maximum value
reaching 9 mD. Then from 800 minutes to 1,200 minutes, the permeability curve shows a
dropping trend. From 1,200 minutes until the test was terminated, the value was stable at
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6 mD. Similar trends were found from the permeability curve of the 8 MPa confining
pressure test (initial permeability of 0.06 mD). In the first 2,000 minutes of the test,
permeability increased with the maximum value reaching 0.49 mD. With the development
of the experiments, permeability was stable at 0.3 mD. Comparing with the initial
permeability, the final permeability in both tests increased approximately one order of
magnitude. Specifically, in the 5 MPa confining pressure test, permeability increased
from 0.3 mD to 6 mD and this value increased from 0.06 mD to 0.3 mD in the 8 MPa
confining pressure test. With the CO2 gradually flushed out from the cleat system, N2
percentage was increasing at the first stage. N2 outlet flow became more significant.
Meanwhile, CO2 partial pressure difference formed between cleat system and coal matrix
system, leading CO2 desorption process undergoing. Coal matrix shrinkage became
evident during the CO2 desorption. For these reasons, coal permeability increased in the
flushing test. Meanwhile, N2 adsorption occurred during the flushing process and N2
adsorption induced coal matrix swelling became evident in the later period. (Due to the
CO2 desorption effect, N2 adsorption induced swelling was not significant in the early
period) This is the reason why the permeability curve shows a dropping trend. The coal
permeability is due to the combined results of CO2 desorption and N2 adsorption effects.
But N2 adsorption induced coal matrix swelling is much smaller than that of CO2 (Lin and
Kovscek, 2014).
4.1.3.5.

Two-stage mechanism of N2 flushing coal seam gas

It is widely accepted that coal seams are a dual-porosity system: cleat porosity and matrix
porosity (Harpalani and Schraufnagel, 1990; Reiss, 1980). The former porosity mainly
contributes to the gas migration and Darcy flow occurs in the cleat porosity system. The
flushing process is illustrated in Figure 4.11.
Before the N2 flooding test, CO2 adsorption equilibrium is reached: cleat pressure equals
matrix pressure (𝑃𝑓1 = 𝑃𝑚1 ). During the N2 injection process, the total gas pressure in the
cleat system (𝑃𝑓 = 𝑃𝑓1 + 𝑃𝑓2 ) is kept constant. With the injection ongoing, N2 partial
pressure in the cleat (𝑃𝑓2 ) is increasing, hence CO2 partial pressure (𝑃𝑓1 ) drops. This
means that the original free phase CO2 molecules existing in the cleat system are flushed
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out. As a result, in the first stage, the CO2 percentage shows a linear decrease with the N2
injection. Once the CO2 concentration in the cleat system decreases, a CO2 concentration
difference forms between matrix and cleat (𝑃𝑓1 < 𝑃𝑚1 ). The concentration difference
between matrix and cleat enables free CO2 in the matrix pore space to flow to the cleat.
As a result, the partial pressure of CO2 in the matrix pore space decreases and adsorbed
CO2 desorbs. In the first stage, both of the original free phase CO2 and the desorbed CO2
is replaced while free phase CO2 is the primary production. The first stage ends when
most of the free phase state CO2 is flushed out. So in the second stage, mainly desorbed
CO2 is replaced. CO2 desorption rate becomes the constraint. In other words, CO2
desorption rate governs the flushing efficiency.

Figure 4.11 Two-stage mechanism of N2 flushing coal seam gas (a) coal saturated with
CO2 (b) Stage-I: the original free phase gas flushed out. (c)Stage-II: sorption phase gas
flushed out; subscript 1 denotes CO2, 2 denotes injected N2, “m” denotes matrix and “f”
denotes fracture (cleat).
With the increase of the confining pressure, the coal specimen permeability dropped from
0.3 mD (5 MPa confining pressure) to 0.06 mD (8 MPa confining pressure). From the gas
flow rate aspect, the average flow rates in these flushing tests were 30 ml/min (0.3 mD)
and 3 ml/min (0.06 mD), respectively. More time was needed for the original free phase
CO2 flowing out in low permeability test. From test results, it can be seen the first stage
duration in the 5 MPa confining pressure test is much shorter than that in the 8 MPa
confining pressure test. Meanwhile, it is widely accepted that Fick’s diffusion law (Eq.
(4-3) is used to describe gas exchange between cleat and matrix, and gas concentration is
the driving force (Vishal et al., 2015).

98

𝑄𝑚 =

𝑉𝑚
𝜏

(𝑐𝑚 − 𝑐𝑓 )

(4-3)

where 𝑄𝑚 is gas exchange rate between cleat and matrix, 𝑉𝑚 is bulk volume of the matrix
element, 𝑐𝑚 and 𝑐𝑓 are the gas concentration in matrix and cleat separately and 𝜏 is gas
1

sorption time which can be expressed as 𝜏 = 𝜎 𝐷 where 𝜎𝑐 is the coal matrix block shape
𝑐

factor and 𝐷 is the gas diffusion coefficient.
According to the ideal gas law, we can obtain the relationship between pressure and
concentration:
𝑀

𝑐𝑚 = 𝑅𝑇 𝑃𝑚

(4-4)

𝑀

𝑐𝑓 = 𝑅𝑇 𝑃𝑓

(4-5)

where 𝑀 is the molar mass of CO2, 𝑅 is the universal gas constant and 𝑇 is the
temperature. Combining Eqs. (4-3), (4-4), (4-5), we obtain gas exchange rate with respect
to gas pressure:
𝑄𝑚 =

𝑉𝑚 𝑀
𝜏 𝑅𝑇

(𝑃𝑚 − 𝑃𝑓 )

(4-6)

From Eq. (4-6), we can see the gas exchange rate is governed by the gas pressure
difference between cleat and matrix: the larger the value of (𝑃𝑚 − 𝑃𝑓 ), the faster the gas
exchange. From the gas composition curves, we can see the gas pressure difference
between cleat and matrix is much smaller in the 8 MPa confining pressure test compared
with the 5 MPa confining pressure test. In the 8 MPa confining pressure test, Stage-II is
much longer than in the 5 MPa confining pressure test. For the above reasons, it takes a
much longer time to reduce coal seam gas content below the TLV in low permeability
conditions.
4.1.3.6.

Comparison between N2 flushing coal seam CO2 and N2-ECBM

The mechanism of N2 flushing coal seam CO2 and N2-ECBM is similar, which is using
N2 to decrease the targeted gas partial pressure in the coal seam cleat system and form a
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pressure gradient between coal matrix and cleat, thus contributing to the targeted gas
desorption (Busch et al., 2007; Reeves and Oudinot, 2004). However, some differences
exist between these two flushing processes. One primary difference is that coal has a
higher-affinity to CO2 compared with CH4. In order to evaluate the flushing effect
between these two different flushing processes, we compared our test results with the
work done by Zhou et al (2013). The specimen used in Zhou’s study was 37.8 mm in
diameter, 76.8 mm in length and had a 9.7 MPa confining pressure applied. Even though
different coal samples were used in these two studies, it is noted to some extent that CO2
is much harder to be drained out. The permeability was 0.03 mD with a CH4 content of
24.4 m3/t. Comparing these parameters with our test, it can be seen that the test conditions
were similar to our 8 MPa confining pressure test: CO2 saturated content 24.3 m3/t and
permeability 0.06 mD. Comparison details are listed in Table 4.3.
Table 4.3 Test conditions comparison between N2 flushing coal seam CO2 and N2ECBM

Specimen size (mm×mm)
Confining pressure (MPa)
Gas content (m3/t)
Permeability (mD)

N2 flushing coal seam
CO2
54×112
8
24.3
0.03

N2-ECBM test
37.8×76.8
9.7
24.4
0.06

Figure 4.12 shows the gas composition comparison between N2 flushing coal seam CO2
and N2–ECBM. The experimental time of Zhou’s study was much shorter than that in our
test; only the first 4000 minutes’ data of our test was plotted in Figure 4.12. Similar trends
were found but some differences were easily identified.
In N2-ECBM process, the rate of gas percentage change was much faster than that in N2
flushing coal seam CO2. In the N2-ECBM process, most of the CH4 existing in the
specimen was flushed out in the first 2000 minutes and small proportion of CH4 still
existed in the specimen. At 4,000 minutes, CH4 percentage was below 1% and this test
was terminated. In the N2 flushing coal seam CO2 test, the CO2 percentage was changing
slowly after 600 minutes. After 4,000 minutes of flushing, CO2 percentage was still 9%.
From the recovery ratio aspect, after 4,000 minutes, CH4 and CO2 recovery were about
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92% and 46.5% respectively. In our test, the final CO2 recovery was 87.7% when the test
was terminated at 30,000 minutes. To reach the equivalent flushing effect, the time spent
on CO2 was almost 8 times larger than that for CH4.
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Figure 4.12 Comparison of gas composition in N2 flushing coal seam CO2 and N2ECBM
From the comparison, it can be found CO2 is much more difficult to drain from coal seams
than CH4. In both of the N2 enhancing processes, the original free gas is drained out first
and in the later period, the desorption gas is the primary gas. CH4 is easier to drain out
compared with CO2 so the CH4 percentage curve shows a sharper trend. The desorption
process becomes more significant in the N2-enhancing CO2 process, which is the main
difference between N2-ECBM and N2-enhancing CO2. For this reason, the N2 injection
pressure becomes less important in the N2 flushing coal seam gas test when the original
free phase CO2 is flushed out of the specimen. Even though N2 injection pressure can
influence the breakthrough time (Wang et al., 2015), this factor has less impact after
breakthrough. Hence, a modified injection method-Pulse injection can be used to reduce
the N2 consumption quantity. Specifically, after nitrogen breakthrough, stop the injection.
During this time, CO2 desorption occurs until the pressure difference between cleat and
matrix decreased to zero. Then N2 injection starts again. In this way, the total N2
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consumption can be reduced. Further experiments can be conducted to investigate the
Pulse injection mode on N2 injection efficiency.

4.2. Cyclic N2 injection method for enhanced coal seam gas recovery
4.2.1. Materials and methods
4.2.1.1.

Coal samples

Cylindrical coal samples were used in this study. In order to obtain these specimens, large
coal lumps were collected from the underground working area of a coal mine located in
the Southern Sydney Basin. These coal blocks were then processed by concreting (in a
mould), drilling, cutting, milling and polishing in the laboratory of University of
Wollongong. The detailed procedures can be found in theprevious chapter . In this section,
the same size of the coal sample as the previous section was used.
4.2.1.2.

Apparatus

A modified triaxial loading experimental rig was used in this study with showing the
schematic diagram of the set-up. The core specimen was placed into the triaxial cell which
was confined with high-pressure oil. A Teflon heat shrinkage sleeve was used to protect
the coal sample from oil intrusion. A hydraulic oil pump (with a range of 0 - 20 MPa) was
used to provide the confining pressure. Axial loading was applied to balance the stress
during the test. Standard gas bottles from Coregas Pty Ltd, Australia were used for
providing the gas source, including carbon dioxide, nitrogen and helium. A reference cell
was used for calculating the injected CO2 volume. At the outlet of the triaxial rig, a back
pressure regulator (Swagelok Back-pressure Spring Loaded Regulator) was used to hold
the gas pressure in the triaxial cell. Two flow meters (Dwyer GFM series) with different
ranges (0 - 100 ml/min and 0 - 500 ml/min) were adopted to measure the gas flow out.
Pressure transducers (GE Druck PTX 1400 series) were installed at the inlet gas line,
outlet gas line and the triaxial cell to measure the pressure during the test. All of the data
(inlet gas pressure, outlet gas pressure, confining pressure, axial loading force and outlet
gas flow) during the test were recorded by a data logger and these data were transferred
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to the computer. During the course of the experiments, the temperature was kept constant
at 298K. Gas samples (with a volume of 50 ml) were collected by a gas sampling bag
which was connected to the outlet gas flow pipeline. The gas samples were then analysed
by a micro gas chromatograph (micro-GC, Agilent Micro 490 series).
4.2.1.3.

Experimental procedures

In this study, we set the confining pressure as 4 MPa, CO2 soaking/ saturation pressure as
2 MPa and N2 flushing pressure as 3 MPa. For each cycle, we injected N2 for 200 minutes
then allowed approximately 20 hours for CO2 desorption from the coal. Due to the time
limitation, 6 cycles were carried out for this study. Throughout the test, all the data was
monitored by the data logger at one minute intervals. Figure 4.13 shows the experimental
procedures.

Figure 4.13 Flowchart of cyclic N2 flushing experiment
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1. Drainage of the system by Vacuum pump. After installation of the specimen, the
confining pressure is adjusted to 100 KPa - 200 KPa. The inlet valve and outlet valve
is closed. A vacuum pump is connected to the experiment rig and worked for 24
hours before being switched off.
2. Apply confining pressure. The confining pressure is applied through the hydraulic
pump. In this study, 4 MPa was set as the experimental confining pressure.
3. Recharge the reference cell with CO2. Connect the reference cell (with known
volume) to the CO2 gas cylinder. By adjusting the gas bottle regulator, the pressure
in the reference cell can be gradually stabilised. Due to the maximum pressure
allowed in the reference cell of 3.8 MPa, set the gas pressure in the reference cell as
3.6 MPa, and disconnect the reference cell from the CO2 gas cylinder.
4. Connect the reference cell to the triaxial cell. Open the outlet valve and adjust the
back pressure regulator to the targeted reservoir pressure (2 MPa in this study). Open
the inlet valve for CO2 to be injected into the sample cell and adsorbed onto the coal
sample. Keep the reference cell and sample cell connected for 22 hours with CO2
gradually adsorbing. During this process, the gas pressure of the reference cell
decreases and the final pressure 𝑃𝑒 is recorded. Repeat this step, until 𝑃𝑒 is
approaching 2 MPa. In this way, the total volume of injected CO2 is calculated.
5. N2 flushing cycles. Disconnect the sample cell and the reference cell and connect the
N2 gas bottle directly to the sample cell. Set the N2 injection pressure as 3 MPa for
200 minutes. During the flushing process, a gas sampling bag with the volume of
300 ml is used for collecting gas samples. In the first 100 minutes, gas samples are
collected every 10 minutes. After that, gas samples are collected every 20 minutes.
Gas samples are analysed by micro-GC.
6. Stop N2 flushing and keep monitoring the experiment for 20 hours.
7. Repeat Steps 5 - 6 for 6 cycles then terminate the test.
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4.2.2. Experimental results
4.2.2.1.

Total volume of CO2 adsorbed onto the coal sample

Before the flushing test, CO2 was adsorbed onto the coal sample to replicate coal seam in
situ environment. CO2 was recharged into the reference cell first and then introduced into
the sample cell. In this study, we repeated twice for CO2 saturation (approximate 44 hours
of CO2 soaking time). As shown in Figure 4.14, after we connected the reference cell and
the triaxial sample cell, CO2 pressure in the reference cell gradually decreased.
Specifically, for the first time, CO2 pressure dropped sharply, from 3,600KPa to 1,070
KPa. After 1,300 minutes, the pressure was 1,070KPa. Then, we closed the inlet valve of
the triaxial sample cell and recharged the reference cell to 3,600KPa. At the end of the
second time, the pressure of the reference cell was dropped to 2,030 KPa. In total, 5,405
ml of CO2 was injected into the triaxial sample cell, including free CO2 that exists in the
dead volume of the rig and the adsorbed CO2 onto the internal pores of the coal sample.
From Figure 4.14, we can see that the CO2 pressure was decreasing during the soaking
process, which means CO2 adsorption equilibrium is not reached. The total volume of
adsorption gas is calculated by abstracting the free gas in the dead volume of the
experimental rig. The coal sample was weighted before placing into the triaxial cell. As a
result, we obtained the total gas content before N2 flushing was 16.46 m3/t. Comparing
with Chapter 3 , which was carried out to investigate the sorption characteristics of the
coal, at the same conditions (298 K, CO2 pressure 2 MPa), the adsorption volume of the
coal was 23.63 m3/t. The coal sample is under-saturation of CO2 (approximate 69.66%).
On one hand, adsorption equilibrium was not reached at the end of the soaking process.
We only repeated twice for CO2 adsorption (44 hours soaking time). On the other hand,
the stress environment was different in this study. It is recognized that the confining stress
has a negative impact on coal’s adsorption capacity (Hol et al., 2011).
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Figure 4.14 Gas pressure variations during the CO2 soaking process
4.2.2.2.

Gas composition of outlet flow

Gas composition and flow rate are the main two indexes to evaluate the flushing
performance. During the N2 injection process, gas flow rates were monitored by the mass
flow rate and recorded every minute. The gas composition was analysed every 10 to 20
minutes.
Figure 4.15 shows the CO2 percentage variation with respect to N2 injection time for each
cycle. It can be seen that the CO2 content of the outlet flow drops quickly in the first 50
minutes of every single cycle. From 50 minutes to the end of each injection, the CO2
content drops more slowly. For example, in the first cycle the CO2 percentage is 95.16%
at 9 minutes and drops sharply to 12.63% at 52 minutes. From 52 minutes to 200 minutes,
this reading drops from 12.63% to 5.09%. Similar trends are observed in the remaining
cycles. After the N2 injection of each cycle, the test was paused for almost 20 hours. In
the following cycle, CO2 content rebounds from 3 - 7% to 20 - 40%. One particular feature
is that the CO2 content is obviously higher in the first cycle than the other cycles. From
our previous chapter, we know that the N2 flushing coal seam gas process is divided into
two stages. For the first stage, the original free state gas is flushed out first then the
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adsorption state gas is flushed out. In the first cycles, the free gas existing in the dead
volume of the rig was flushed out first. After that, N2 fills the dead volume. As a result,
the CO2 percentage is much lower than in the first cycle. In this study, the flushing process
of every cycle can also be divided into two stages: the first 50 minutes (as Stage I) and
the time period of 50-200 minutes (as Stage II), based on the CO2 percentage variations.

Figure 4.15 CO2 percentage of the outlet flow for each cycle (different symbols
represent different cycle)
In order to make a parallel comparison of each cycle, the CO2 percentage of outlet flow
was selected at the following time: 0 - 10 minutes, 55 - 65 minutes, 95 - 105 minutes and
195 - 205 minutes, as shown in Figure 4.16. It can be clearly seen that the CO2 percentage
is much higher in the first cycle than the others. At the same injection time for each cycle,
a decreasing trend of CO2 percentage is observed with the increase of N2 injection cycles.
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(a)

(b)
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(c)

(d)

Figure 4.16 Comparison of CO2 percentages in different cycles at various N2 injection
times (a) N2 injection time of 0-10 minutes (b) N2 injection time of 55-65 minutes (c) N2
injection time of 95-105 minutes (d) N2 injection time of 195-205 minutes
For the first reading of CO2 percentage in each cycle, as shown in Figure 4.16 (a), CO2
percentage shows no obvious decrease with the increase of N2 injection cycles. In each
N2 injection cycle, the coal sample was left without any N2 injection for 20 hours and
during this period of time, the original adsorbed CO2 gas desorbed from the coal matrix
pores to the coal cleat and fracture system. Desorption time in each cycle is the same, so
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the total desorbed CO2 volume in each cycle is the same. As a result, from the second to
the fifth cycle, the first CO2 percentage readings are very close. As CO2 was progressively
flushed out through six N2 injection cycles, CO2 percentage was lower than the previous
cycles. From the above analysis, we define that from initiating the N2 injection to 50
minutes, free CO2 is flushed out first. From 50 minutes to 200 minutes, the desorbed CO2
is flushed out. With the increase of N2 injection cycles, the total residual CO2 in the coal
sample drops. It is easy to understand that the desorption rate decrease with the increase
of desorption time (Zarrouk and Moore, 2009). As a result, for Figure 4.16 (b) - (d), the
reading of CO2 percentage shows a dropping trend with the increase of N2 injection cycles.
4.2.2.3.

Outlet gas flow rate during N2 injection

Figure 4.17 shows the flow rate variations with respect to time in different cycles. In all
cycles, the outlet gas flow rises sharply from the beginning to 50 minutes. After that, these
readings are stable even though there show slight increases from 50 minutes to 200
minutes. The main difference between each cycle is the final reading of the flow rate. We
can see that the final reading rises with the increase of N2 injection cycles. Specifically,
at the end of each cycle, the flow rate readings are 24.47 ml/min, 26.89 ml/min, 27.98
ml/min, 29.89 ml/min, 31.96 ml/min and 32.61 ml/min, respectively. The total outlet gas
flow shows a rising trend with the increase of injection cycles.

Figure 4.17 Outlet gas flow rate during N2 injection in each cycle
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The mechanism of enhanced gas recovery is similar to N2-ECBM whilst different from
CO2-ECBM. A comparison was conducted in the previous chapter between N2-ECBM
(CH4) and N2 enhanced seam gas (mainly CO2) drainage. It is found that CO2 is much
more difficult to be drained out of coal seam. To reach the same recovery ratio, longer
time and more N2 injection are required for CO2-rich coal seam. For N2-ECBM or N2
flushing coal seam CO2, the permeability of coal seam shows a rising trend with the
depletion of CO2 or CH4 (Bustin et al., 2016). From laboratory tests, we know that the
adsorption capacity of coal to N2 is smallest among N2, CH4 and CO2. During the N2
injection process, the percentage of CO2/CH4 drops and that of N2 rises. The impact of
adsorption-induced matrix swelling on permeability is minor. The stress conditions in this
laboratory test were kept unchanged (constant confining pressure and injection pressure).
As a result, the outlet flow and permeability increase with the increase in N2 injection
cycles. In our six cycles, the outlet flow of the last cycle is about 1.33 times larger than
that of the first cycle.
4.2.2.4.

CO2 production

Both of the gas composition and gas outlet flow rates are analysed in the previous sections.
The total volume of CO2 produced and N2 consumed can be calculated. The mean value
of two adjacent readings of CO2 composition was used to calculate the produced CO2
volume during this period. For example, in the first injection cycle, we obtain the flow
readings every single minute. But for CO2 composition, the first reading (95.16%) and
the second reading (30.40%) were taken at 9 minutes and 22 minutes, respectively. For
the volume of produced CO2, 62.78% was used to calculate.
From Figure 4.18, it can be seen that the accumulated CO2 volume increases with the
continuous injection of N2 in every cycle. Even though the total volume of accumulated
CO2 varies through the six cycles, the trends with respect to time in each cycle are similar.
The CO2 accumulation speed is fast in the first 50 minutes. The steep slop progressively
flattens from 50 minutes to 200 minutes. This finding is consistent with previous sections.
In the first 50 minutes, not only the desorption CO2 is flushed out of the sample, but the
free CO2 that is desorbed during the 20 hours’ intervals is also flushed out. In terms of the
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total volume of CO2 in each cycle (Figure 4.18 b), a dropping trend is found with the
increase in N2 injection cycles. It is recognized that in coal seams, the gas desorption ratio
decreases with respect to time. The residual gas content in the coal sample decreased with
respect to N2 injection cycles. So in the same period of time (20 hours interval), the
desorbed CO2 is less in the sixth cycle than that in the first cycle. It is also noted that the
CO2 production of the first cycle is much higher than the rest five cycles (458.92 ml for
the first cycle; from the second cycle to the sixth cycle, CO2 volume varies between
230.08 ml to 324.11 ml). This is due to the free CO2 in the dead volume of the experiment
rig.

(a)

(b)

Figure 4.18 Accumulated CO2 volume of outlet gas flow
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4.2.2.5.

Post-injection effects

For each cycle, N2 injection was stopped immediately after 200 minutes of injection by
shutting off the gas inlet valve. The gas pressure gradient existed throughout the coal
sample. The outlet gas flow was dropping gradually rather than immediately stopping.
Here, we call this period of time as the post-injection stage. In this stage, the gas flow rate
was continuously recorded. Figure 4.19 shows the flow rate variations of post-injection.

Figure 4.19 Outlet gas flow rate of the post-injection stage in each cycle
It can be seen that the gas flow rate dropped sharply once the N2 injection was stopped.
At 230 minutes (30 minutes after N2 injection stopping), the outlet flow rates of all cycles
had dropped below 1.5 ml/minute. It was almost 60 minutes until the flow rate dropped
to zero (no flow). It is recognized that the gas pressure gradient is the driving force of gas
flow in coal seams (Gensterblum et al., 2014). When N2 was stopped from the upstream
of the triaxial cell, the upstream gas pressure decreased sharply until the gas pressure
gradient of the coal sample (from upstream to downstream) was too small to overcome
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the resistance of the flow channels. As a result, no gas flow rate was recorded after
reaching that critical pressure. There are two key factors influencing the duration of postinjection: gas flow velocity through the coal sample and the total gas volume of upstream.
In this study, the N2 injection pressure upstream was the same in every cycle. The total
residual N2 after each injection stop was the same. This factor has little impact on postinjection. Gas flow velocity through the coal sample is governed by the permeability of
the sample. The coal permeability in this study was pretty low (less than 0.01 mD). In
each cycle of N2 injection, the increase of permeability is not obvious. At the end of the
sixth cycle, the permeability is only 1.33 times higher than that of the first cycle. For these
reasons, we can see the duration of post-injection is quite similar in these six cycles.
During the post-injection stage, one gas sample was collected from the outlet gas flow at
210 minutes into the first cycle. Due to the low flow rate after 210 minutes, no further
samples were collected. It was found that the CO2 percentage was quite close to the last
reading that was taken at the time of 200 minutes. As a result, we can use the last reading
of CO2 percentage to calculate the accumulated CO2 volume of the post-injection stage.
Figure 4.20 shows the accumulated CO2 volume with respect to time during the postinjection stage.
It can be seen that after N2 injection stops, a certain amount of CO2 is still flushed out.
Even though we regard the time period between 200 minutes and 260 minutes as the postinjection stage, CO2 gas is mainly produced in the first 30 minutes (between 200 minutes
and 230 minutes). The accumulated CO2 volume of the post-injection stage is between
5 ml and 10 ml in these six cycles. Compared with the produced CO2 volume of each
cycle, the accumulated CO2 during post-injection is much smaller. For example, during
the injection process, a volume of 458.92 ml CO2 was flushed out while only 9.51 ml was
flushed out during the post-injection stage. The difference of CO2 accumulated volume
during post-injection in each cycle is not obvious (less than 2 ml between the second cycle
and the sixth cycle).
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(a)

(b)

Figure 4.20 Accumulated CO2 volume of post-injection stage
Even though the accumulated CO2 volume of post-injection is not significant, this finding
is quite useful for field applications of similar projects, such as ECBM or enhanced gas
drainage. Two factors need to be considered in this laboratory study. Firstly, the sample
used in this test is only a laboratory standard cylinder sample. The total original coal seam
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gas is limited in this small sized sample. When we flush out the coal seam gas, the gas
content immediately drops, which is different from field practices. In the ECBM field
project or injection enhanced gas drainage project, there is at least one injection well and
one production well although five well patterns are more common (Durucan and Shi,
2009). The targeted production coal seams are between the injection well and the
production well. During the injection process, with the depletion of coal seam gas in the
targeted area, gas transportation from adjacent areas to the targeted area occurs. Here, we
define this effect as gas recharging effect, while most of the previous studies ignore this
effect. Due to the gas recharging effect, the actual flow rate of the post-injection stage
would be higher than that of laboratory experiments under the same testing conditions.
Secondly, the permeability of the sample is quite low, only at the order of magnitude
0.01 mD. For high permeable coal seams, the flushing results would be much better. The
post-injection flow is also largely affected by coal seam permeability. Obviously, in lower
permeable seams, the resistance for gas flow is higher. When we stop N2 injection, a
limited gas pressure gradient exists. For these reasons, post-injection effects are not as
obvious as in our laboratory tests.
4.2.2.6.

Residual gas content and N2 consumption

The residual gas content can be calculated by subtracting the produced CO2 volume
(during N2 injection and post-injection) from the total adsorbed CO2. From Figure 4.21,
we can see the residual CO2 volume drops with the increase in N2 injection cycles. At the
end of the sixth cycle, the residual CO2 volume is 3,465 ml. From the percentage (residual
CO2 volume/5,405 ml) perspective (Figure 4.22 a), we can see the residual CO2
percentage decreases slowly. At the end of the test, approximately 64% of the injected
CO2 still existed in the coal sample.
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Figure 4.21 Residual CO2 volumes with respect to total experiment time
The total volume of N2 during the whole test includes the outlet flow N2, free state N2
existing in the dead volume of the experiment rig and the adsorbed N2 inside of the coal
sample. Due to the low adsorption capacity of N2 (4.1 m3/t), the adsorbed N2 is estimated
based on the isotherm. Based on the outlet gas flow and the gas composition, the N2
volume of outlet flow is calculated, as shown in Figure 4.22. We can find that the
accumulated N2 volume of outlet flow shows linearly increase with respect to injection
time in each cycle. At the end of each cycle, the total N2 volume of outflow ranges
between 3,200ml and 3,800ml.
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(a)

(b)

Figure 4.22 Residual CO2 percentages with respect to time/ injection cycles
Figure 4.23 shows the ratios of N2 consumption/CO2 production in each cycle. We find
in each cycle, this ratio rises with respect to the injection time. For example, in the first
cycle, this ratio increases from 0.2 to 7. Because at the beginning of each cycle, the free
state CO2 (desorbed CO2 during the interval) is flushed out, this ratio is very low. In the
later period of injection, only desorbed CO2 is flushed out. Another finding is that the
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ratio becomes higher and higher with the increase of injection cycles. From the CO2
production aspect, it shows dropping trend with respect to N2 injection cycles while from
the N2 consumption aspect, it shows an increasing trend with respect to N2 injection cycles.
The fundamental reason for this phenomenon is that the CO2 desorption rate becomes
smaller. In this study, the final ratio of N2 consumption/CO2 production is calculated as
11, which means to remove 1 unit volume of CO2, 11 unit volume of N2 is required.

Figure 4.23 Accumulated N2 volume of outlet flow with respect to injection time in
different injection cycles

4.2.3. Discussions
4.2.3.1.

Comparison between continuous injection and cyclic injection

Before the cyclic N2 injection test, a series of N2 flushing tests were performed by using
the same experimental apparatus. One of the flushing tests was chosen to make a
comparison between these different injection methods: cyclic injection and continuous
injection. All the other testing conditions were kept all the same, including the CO2
adsorption volume, N2 injection pressure, confining pressure, etc. Figure 4.24 shows the
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residual CO2 percentage with respect to experimental time. Due to the limitations of time
and laboratory testing conditions, in this study only six cycles were carried out for cyclic
injection method. From the analysis of flushing results, we found that there still exists a
large amount of CO2 in this sample. Based on the above sections and continuous injection
results, an empirical model was used to predict the final performance of the N2 injection
enhanced gas drainage. As shown in Figure 4.25, an exponential fitted model was adopted
to present the residual CO2 content. It can be seen this exponential model has a quite good
fit with the experimental results. Meanwhile, the un-desorbable CO2 was calculated based
on this fit. Also, we can see the residual CO2 percentage curve of continuous injection
drops faster than cyclic injection method. For underground coal mining, the coal seam gas
content should be below the threshold limit value (TLV) of 5 m3/t for CO2. The required
N2 injection time for continuous injection and cyclic injection was 5.6 days and 21.5 days,
respectively.

Figure 4.24 The ratios of N2 consumption/CO2 production with respect to time in each
cycle
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Figure 4.25 Comparison of residual CO2 percentage between different injection methods
Figure 4.26 shows the N2 consumptions of continuous injection method and cyclic
injection method. Linear fitting was adopted to fit the variations with respect to time in
both methods and good fits were observed. At the time of the flushing performance
reaching TLV, the volume of N2 was 144,000 ml and 9,010 ml (predicted) for continuous
injection method and cyclic injection method, respectively. The consumed N2 of
continuous injection method was 1.6 times larger than that of the cyclic injection method.
Much less N2 was required.
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Figure 4.26 Comparison of N2 consumption between different injection methods
From the comparison, on one hand, we found that the flushing efficiency of cyclic
injection method is lower than the continuous injection method (longer time required to
reach TLV). On the other hand, the consumed N2 was much less for the cyclic injection
method. From our previous study, we observed a two-stage phenomenon of CO2
percentage variations. In the second stage, the CO2 percentage was very low, usually
below 3%, which means most of the outlet flow was N2. But for cyclic N2 injection
method, this stage was temporarily terminated. Even though the CO2 content was pretty
low, the N2 injection time was quite long (20 hours). As a result, the total flushed CO2
was considerable during this period of time. From the injection time aspect, 132 hours of
N2 injection was performed for the continuous injection method while for cyclic injection
method, 73.4 hours of N2 injection was required to reach the TLV (only consider 200
minutes injection for each cycle). It is easily understood why the flushing efficiency was
lower for cyclic injection method. Because in both tests the same N2 injection pressure
was applied, the N2 flow rate of the outlet was regarded the same. As a result, the total N2
consumption had a positive correlation with the N2 injection time. This was the reason
why N2 consumption is much lower for cyclic N2 injection method.
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4.2.3.2.

Un-desorbable gas content

Many researchers find that the coal seam gas cannot be completely desorbed even
extended time is given for gas desorption (Wang et al., 2017b). The desorption rate
becomes very slow as the gas pressure approaches atmospheric pressure. Here, we define
this volume of coal seam gas as un-desorbable gas. One possible reason for this
phenomenon is due to the microstructure of the coal seam. The coal seam gas adsorbed in
the closed and semi-closed pores cannot escape during the gas drainage process, thus the
un-desorbable gas is generated.
It is noted that the un-desorbable gas content was different in the N2 injection flushing
tests. Specifically, from Figure 4.26, the un-desorbable of the continuous injection test
and the cyclic injection test are 15.55% and 19.6%, respectively. What’s more, the gas
content result was collected from the coal mine where we collected the coal samples. The
Q3 (un-desorbable gas) was 4.34m3/t, approximately accounting for 25% of total gas
content. It is suggested that N2 injection can reduce un-adsorbable gas content. For the
adsorption gas transportation out of the coal seam, firstly it desorbs from the surface of
micropores. Then, it diffuses to the cleat system of the coal seam. The injected N2 can
provide a driving force for these desorbed CO2 molecules and immediately bring them
out of the coal seam. In this way, the desorption process of coal seam gas is promoted. As
a result, the un-desorbable gas content drops. This effect is also influenced by the N2
injection time and N2 injection pressure, as well as the characteristics of the coal seam,
such as permeability, sorption capacity, etc.
4.2.3.3.

Implications for field practice

From laboratory experiments, we find N2 injection can efficiently flush out of coal seam
gas. The performance and cost (N2 consumption) are different for different injection
methods. Even though the gas migration mechanism of N2 injection is all the same in
different field projects, the purposes of these projects are different. Hence, different
suggestions are provided based on purposes.
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For underground coal mining activities, high coal seam gas content is a threat to the safety
of the underground environment. It can lead to serious disasters for underground mining,
such as coal and gas outburst, gas explosion, etc. (Ma et al., 2017) To prevent coal and
gas outburst, it is a requirement to reduce the coal seam gas content under a safe level or
threshold limit value (TLV). Usually, in low permeable coal seams, gas pre-drainage lead
time is very long, which may interfere with the normal mining schedules. In order to
accelerate the gas drainage process, N2 injection enhanced gas drainage would be an
effective means. For these practices, both the flushing performance and the economic cost
should be considered. Increasing N2 injection time can accelerate the gas drainage process
while also increasing the total N2 consumption. An appropriate time interval between
injection cycles should be applied for cyclic injection method. Meanwhile, the
interference between N2 injection and underground mining activities should be considered.
One feasible way of N2 injection enhanced gas drainage is using underground inseam
borehole. It is noted that this practice would be carried out in a narrow underground space,
which is quite different from CBM production that is carried out using surface
injection/production wells.
For coal bed methane recovery project, the purpose is to utilize the recovered natural gas
resources and high recovery ratio is desired. From field trials and laboratory experiments,
one problem occurred during N2-ECBM process is the early N2 breakthrough, which
means N2 is monitored from the production well. This phenomenon may lead to an early
well shut down and the extra cost of separating N2 from CH4. This study shows the N2
consumption is much less than the continuous injection method. The cyclic injection
method would positively solve the N2 early breakthrough problem. Also, the postinjection effect would be observed and coal seam gas still continuously recovered. So, in
field N2-ECBM practice, this cyclic injection method can be adopted based on the gas
production flow of production well. One major difference between N2 injection enhanced
gas drainage in underground coal mines and N2-ECBM is the size of the targeted coal
seams. For N2-ECBM project, the distance between the injection well and production well
may be as far as 500m. But for N2 enhanced gas drainage project, the targeted seam would
be much smaller (usually less than 100m for underground inseam boreholes). Large
distance and low permeability may lead to failure of these projects and this is reported by
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the previous study (Bustin et al., 2016). The cyclic injection method is recommended
when N2 is breakthrough and low content of CH4 is monitored from the production well.

4.3. Summary
N2 flushing tests under different stress confining conditions were conducted. The flushing
effect and efficiency was evaluated from different aspects. The tests demonstrate that N2
injection can significantly improve CO2 drainage efficiency. This technology can be
considered for use in underground coal mines especially in the low permeability coal
seams to improve gas drainage efficiency.
1. N2 breakthrough time was different for the sample subjected to different confining
stress and hence different permeability. The higher the permeability of the coal
specimen, the shorter the time was needed for the N2 breakthrough. For the 5 MPa
confining pressure test (0.3 mD), the N2 breakthrough time was 70 minutes whilst it
needed 140 minutes for the 8 MPa confining pressure test (0.06 mD).
2. During the N2 flushing process, both free phase CO2 in the cleat system and desorbed
CO2 was flushed out. A two-stage flushing process was observed from the gas
composition and gas flow rate analysis. In the first stage, both free phase CO2 and
desorbed CO2 was flushed out, with the original free CO2 being dominant. Partial
pressure difference for CO2 was created between cleat and matrix, thus leading to the
slow desorption of adsorbed CO2 in coal matrix; in the second stage, desorbed CO2
became the dominant product however its flow rate was governed by desorption rate.
The duration of the first stage was shorter than that of the second stage, mainly due to
the slow CO2 desorption process as compared with the free phase gas displacement in
the coal sample.
3. Permeability was the most important parameter affecting the flushing effect and
efficiency. Although the N2 consumption/CO2 production ratio was lower, much more
flushing time was needed to drop the gas content below the TLV for the low
permeability test. For the permeability of 0.3 mD test, it took about 1,600 minutes (27
hours) and the N2 consumption/CO2 production ratio was 15, whilst for the

125

permeability of 0.06 mD, it took approximately 24,050 minutes (400 hours) and the
N2 consumption/CO2 production ratio was 11.2.
4. The use of N2 flushing coal seam gas to enhance gas drainage can be an attractive
option for significantly improving gas drainage efficiency. This technology can be
considered for application in hard-to-drain coal seams especially with significant high
CO2 composition. The experimental tests of cyclic N2 injection enhanced coal seam
gas recovery were carried out in this study. Under the same testing conditions, six
cycles of N2 injection were performed. In each cycle, 200 minutes of N2 injection was
conducted, followed by approximately 20 hours interval. The outlet gas flow rate, gas
composition and post-injection effects of each cycle were monitored. Based on these
readings, the flushing performance and the residual gas content were calculated.
Comparisons were then made between different N2 injection methods: continuous
injection and cyclic injection.
5. CO2 percentage of outlet flow rebounds from 3% - 7% to 20% - 40%. During the 20
hours interval, CO2 desorbs from the coal matrix pores to the cleat system. As a result,
at the beginning of the next injection cycle, CO2 percentage rebounds significantly.
The two-stage flushing mechanism is also suitable for this study. Stage-I is from the
initiate of N2 injection to approximately 50 minutes. Free gas is the dominant
production and CO2 percentage is relatively high. Stage-II happens between 50
minutes and 200 minutes. The adsorption state gas desorbs to the cleat system and is
immediately flushed out by N2. In this stage, the CO2 percentage is pretty low (usually
less than 5%) and changes slightly. The gas flow rate of each cycle is very close to
each other and a gentle rising trend is observed. Post-injection effects are observed in
each cycle. When we stopped N2 injection from upstream, outlet gas flow was still
observed and decreased gradually. It was 60 minutes until the flow rate dropped to
zero. Due to the small size of the coal sample in this test, the CO2 volume of postinjection is not large. This effect should not be ignored for field practices, because the
targeted coal seam contains a large amount of gas and can be recharged by adjacent
areas.
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6. Cyclic N2 injection can significantly reduce the coal seam gas content. For each cycle,
200 - 400 ml of CO2 (accounts for 4 - 7% of the total gas volume) is flushed out of
the sample. It is estimated 22 cycles are required before the residual gas content is
reduced below TLV. The flushing performance between continuous injection method
and cyclic injection method are analysed. The continuous injection method has higher
flushing efficiency and larger N2 consumption volume. The flushing leading time to
reduce gas content below TLV is 5.6 days and 21.5 days, respectively. The total N2
consumption volume for these two injection methods are 14,400ml and 9,010ml,
respectively. The corresponded ratio of N2 consumption/CO2 production is 18:1 and
11:1.
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5. LABORATORY TESTS OF COAL SEAM PERMEANBILITY
EVOLUTION BEFORE ADSORPTION EQUILIBRIUM
5.1. Introduction
For N2 injection enhanced coal seam gas recovery laboratory tests, which were conducted
in Chapter 4, the first step of the experiments is saturation of CO2 of the coal sample in
desired testing conditions. During the CO2 soaking process, the permeability of the coal
sample is monitored. It is noted that the permeability reduction effects are obvious in this
process. In order to investigate the permeability reduction effects in this chapter, detailed
laboratory experiments are conducted during the CO2 injections. Firstly, the permeability
of the specimen is measured using different gases (helium, nitrogen and CO2) and it is
found that the permeability reduction effects are instant once the coal matrix is exposed
to adsorbable gas such as nitrogen or carbon dioxide. Secondly, the permeability reduction
effects are measured with the continuous injection of CO2 under different confining
pressure conditions (different absolute permeability conditions). Permeability reduction
effects are obtained with the CO2 exposure time. Lastly, the CO2 adsorption process is
recorded under triaxial stress conditions. Based on the testing results, a conceptual model
is proposed. This model is also validated by other experimental results and can be used
for explaining coal seam permeability reduction effects for CO2 injection in coal seams.

5.2. Experimental apparatus
The coal samples used in this experiment are the same as that used in the previous chapter.
The steady state method was adopted to measure the coal specimen permeability and a
triaxial permeability testing rig was used. Figure 5.1 shows the schematics of the rig. The
same triaxial rig is used except, the back pressure regulator used for N2 flushing test is
not used in this section. The apparatus mainly consists of a gas source system, an axial
loading system, a confining loading system and a data acquisition system. Standard gas
bottles (from Coregas Pty Ltd, Australia) were used for providing the gas which included
carbon dioxide, nitrogen and helium. A reference cell was shown in Figure 5.1 to
represent the upstream volume with a known volume. Pressure transducers (GE Druck
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PTX 1400 series) were used to monitor the inlet gas pressure, confining pressure and
outlet gas pressure. At the gas outlet, two mass flow meters (Dwyer GFM series) with
different ranges (0 – 100 ml/min and 0 - 500 ml/min) were used to measure the gas flow
out of the specimens. A teflon heat shrinkage sleeve was used to protect the specimen
from any oil intrusion. A servo-controlled hydraulic oil pump was used for providing the
hydrostatic confining pressure (maximum pressure 20 MPa). All data was recorded by the
data logger and saved in the computer. For the steady state method, the permeability of
the specimen is calculated by the modified Darcy’s law (Lin and Kovscek, 2014):
2𝑄 𝑃 𝜇𝐿

𝑎
𝑘 = 𝐴(𝑃𝑎2 −𝑃
2)
1

(5-1)

2

where 𝑘 is permeability (mD), 𝑄𝑎 volumetric rate of flow (cm3/s) at the prevailing
barometric pressure, 𝑃𝑎 reference pressure (Pa), 𝜇 fluid viscosity (cp), 𝐿 core specimen
length (cm), 𝐴 cross-section area of the core specimen (cm2) and 𝑃1 inlet gas pressure
(Pa), 𝑃2 outlet gas pressure (Pa).

Figure 5.1 Schematic diagram of the experiment apparatus
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5.3. Experimental procedures
5.3.1. Measuring core permeability by different gases (before adsorption
equilibrium)
After the specimen was installed into the cell, a vacuum pump was used to remove of the
residual air existing inside of the coal sample. The vacuum pump working for 24 hours
then the confining pressure was applied (its value was controlled by the oil pump).
Different gases (helium, nitrogen and carbon dioxide) were used for measuring the core
permeability. For the confining pressure, four scenarios were used, 2 MPa, 4 MPa, 6 MPa
and 8 MPa. For the 2 MPa and 4 MPa scenarios, gas injection pressure increased 500 KPa
for each step. For the 6 MPa and 8 MPa scenarios, gas injection pressure increased 1,000
KPa for each step. To make sure gas flowed entirely through the specimen, the confining
pressure was always higher than the injection pressure. The gas outlet was connected
directly to the flow meter. The gas pressure of the flow was under atmosphere pressure.
For the steady state measurement, core permeability can be easily obtained by Eq. (5-1),
but different permeability was measured under sorption equilibrium state and before
sorption equilibrium. During the test, gas flow gradually increased after gas breakthrough.
When the flow meter reading was stable (changed less than 0.1 ml/min for ten minutes),
we took this reading as the gas flow rate under un-equilibrium permeability. Then, we
directly increased the upstream pressure to do the next test. Helium was used initially then
nitrogen, carbon dioxide were then used to measure the core’s permeability. After
finishing one type of gas measurement, the confining pressure was released and the
vacuum pump was used to remove the residual gas over 24 hours. The reason of using
this sequence of gas is that carbon dioxide has the highest affinity to coal. It would take
much longer time for the vacuum pump to remove the residual gas completely. Table 5.1
shows the different testing conditions. During the testing, gas inlet pressure, outlet
pressure, confining pressure and gas flow rate out of the specimen were recorded every
second by the data acquisition system.
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Table 5.1 Testing conditions under different confining pressures
Test round
1

2

3

4

Confining
Injection
pressure (MPa) pressure (MPa)
0.5
2
1
1.5
1.5
2
4
2.5
3
3.5
2
3
6
4
5
4
5
8
6
7

5.3.2. Permeability evolution tests
In laboratory experiments, two different methods are widely used to measure the core
permeability, steady state method and transient pressure method (Lin and Kovscek, 2014).
For the low permeability condition, the measured gas flow rate is relatively unreliable due
to the small flow rate. As a result, the transient pressure method is usually used for this
condition. But for this method, the core permeability variations cannot be preciously
recorded before the coal specimen reaches adsorption equilibrium. For the steady state
method, the gas flow rate was being recorded at one second intervals. Hence, the
permeability of the core can be calculated during this process. In this section, we tested
the core’s permeability evolution before reaching adsorption equilibrium. For each test,
the vacuum pump was used in advance to remove the residual gas over 48 hours to ensure
the accuracy of the results. CO2 was injected into the coal specimen at a constant injection
pressure. During this process, CO2 was gradually adsorbed onto the coal’s internal surface.
CO2 exposure time gradually increased. As a result, the adsorption induced coal swelling
effect would be obvious with the continuous injection. The confining pressure was
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controlled by the hydraulic oil pump to ensure the confining pressure stabilized at the
targeted value. The outlet valve was kept open and the mass flow meter recorded the
variation of flow rates. To replicate different permeability scenarios, the different
confining pressures were applied to the core, as shown in Table 5.2. To evaluate the
adsorption induced swelling impacts on permeability, the duration of these tests was
usually more than 24 hours, depending on the testing conditions.
Table 5.2 Permeability evolution tests under different testing conditions
Test No.
1
2
3
4

CO2 injection pressure
(MPa)
1
3.5
3.5
3.5

Confining pressure
(MPa)
2
4
5
6

5.3.3. Core adsorption under triaxial confining test
In this section, the core adsorption characteristics were tested under triaxial confining
conditions. Before the test, residual gas was removed by the vacuum pump with very low
confining pressure (close to 101 KPa). Then the targeted confining pressure was applied
to the specimen. CO2 was initially injected into the reference cell then the reference cell
was connected to the specimen. The gas inlet valve was opened and the other valves were
closed. The pressure transducers were used to record the gas pressure variations and the
volume of the reference cell (the dead volume of the cell) was known. The gas adsorption
process was obtained. During the CO2 adsorption process, the gas pressure in the
reference cell dropped. For the characterization of coal sorption, powered coal is usually
used for the sorption test and the size of the coal powders varied (An et al., 2019; Du et
al., 2018; Jin et al., 2016; Jin et al., 2018; Liu et al., 2018a). Due to the small size of the
coal, it takes much less time than that for the core cylinder sorption test. From recorded
literatures, the equilibrium time may range from several days to several months (Liu et
al., 2016a).
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Table 5.3 Core adsorption tests under different testing conditions
Injection pressure
(MPa)
1.2
3.5
3.5
3.5

Confining pressure
(MPa)
2
4
5
6

In this study, each core adsorption tests was tested for one week with the temperature kept
constant at 293 K. Table 5.3 summarizes the test conditions. In Table 5.3, injection
pressure represents the gas pressure in the reference cell before connecting the reference
cell to the sample cell.

5.4. Test results and discussions
5.4.1. Permeability results before adsorption equilibrium state
Figure 5.2 shows the permeability of the coal specimen measured by helium. To ensure
the testing results are correct, the gas injection pressure/upstream pressure is always lower
than the confining pressure. From Figure 5.2(a), we find that when the confining pressure
is constant, the permeability increases with the increase of the injection pressure. For the
different confining pressure scenarios, the coal permeability reduces significantly with
the increase of confining pressure. For example, the permeability ranges between 4 - 9
mD under 2 MPa confining pressure conditions, and when we increase the confining
pressure to 4 MPa, 6 MPa and 8 MPa, the permeability ranges between 0.75 - 2.7 mD, 0.2
- 0.6 mD and 0.05 - 0.33 mD, respectively.
The main reason of the permeability change is the variation of effective stress. For our
test, both the gas injection pressure and the confining pressure control the effective stress.
Due to the difference between upstream gas pressure and downstream gas pressure, the
gas pressure distribution inside of the specimen is various (Liu et al., 2015; Rui et al.,
2018a; Rui et al., 2018b) and the mean gas pressure is usually adopted to represent the
gas pressure, hence the effective stress can be calculated as (Harpalani and Chen, 1997):
𝜎𝑒𝑓𝑓 = 𝑃𝑐 −

𝑃𝑢𝑝 +𝑃𝑑𝑜𝑤𝑛
2

(5-2)
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where 𝜎𝑒𝑓𝑓 is the effective stress, 𝑃𝑐 is the confining pressure, 𝑃𝑢𝑝 , 𝑃𝑑𝑜𝑤𝑛 are the
upstream pressure and downstream pressure, respectively. In this study, the downstream
was directly connected to the flowmeter at atmosphere pressure, hence we regard 𝑃𝑑𝑜𝑤𝑛
as 0.1 MPa.
Gas permeability in coal seam is significantly different from the permeability of other
rocks, because the impacts of sorption-induced strain on permeability cannot be ignored.
In this study, the steady state method is used to measure the permeability. Two main
aspects need to be considered when calculating the permeability: sorption-induced strain
and effective stress. Because the difference between upstream pressure which is provided
by the gas cylinders and the downstream pressure which is one atm, the gas gradient inside
of the coal specimen is provided. For the different gas injection tests, the gas gradient is
different between different tests.
From the effective stress aspect, the mean value of upstream pressure and downstream
pressure is used as the pore pressure. There exists some errors because many researchers
have proved the gas pressure distribution in the coal specimen is not linear (Hadi Mosleh
et al., 2018). Typically, an analytical solution is often adopted to estimate the pressure
gradient in the steady state method (Wu et al., 1998):
2
𝑃(𝑥) = −𝑏 + √𝑏 2 + 𝑃𝑜𝑢𝑡
+ 2𝑏𝑃𝑜𝑢𝑡 + 2𝑞𝑚 𝜇(𝐿 − 𝑥)/𝑘∞ 𝛽

(5-3)

where 𝑃(𝑥) is the gas pressure along the length of the specimen, 𝑏 is the Klinkenberg
coefficient, 𝑃𝑜𝑢𝑡 is the gas pressure at the downstream, 𝑞𝑚 is the gas mass injection rate,
𝐿 is the length of the specimen, 𝑘∞ is the absolute permeability. Meanwhile, the absolute
permeability is also impacted by the confining pressure. As a result, even the same
injection pressure of 3.5 MPa was applied to the Test 2-4, gas distribution was different
in respective test.
From the sorption strain aspect, this is difficult to accurately determine its impact before
adsorption equilibrium reached. Currently, all of the permeability models of coal seam
regard the sorption induced coal matrix strain plays an important role to evaluate the
permeability, while most of these models are based on the adsorption equilibrium state.
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At the certain gas pressure, the sorption strain is regarded as a constant value. However,
the distribution of sorption strain in the coal matrix is still not clear. For the steady state
method, the outlet gas flow rate is one of the key parameter to determine the permeability.
In this test, the gas flow rate is changing all the time before the adsorption equilibrium.
Here are the possible reasons. Before the permeability measurement, the coal sample was
vacuumed by the pump. It is regarded no gas was adsorbed in the coal sample. When CO2
was injected from the upstream, it can be divided into two categories. One part of the CO2
flows through the coal fracture system and the other part of the CO2 diffuses from coal
fracture system to the coal matrix and adsorbs on the surface of the pores. With the
injection from the upstream, the percentage of the CO2 for these two different categories
changes. It is difficult to quantify the percentage of the CO2 because many factors can
affect, such as the absolute permeability, confining pressure, the sorption characteristics
of the coal specimen. In high confining pressure test, such as 6 MPa confining pressure
3.5MPa injection pressure, the coal is compacted by larger confining pressure. The cleat
space is narrowed and thus influences the gas diffusion process. The complex impact
induced by confining pressure is not easy to quantify.
Another factor that affects the testing results is temperature. The permeability testing and
nitrogen flushing test were carried out by using the triaxial permeability testing rig. Ideally,
constant temperature should be obtained during the course of the testing. In this study,
temperature mainly influences the testing from two aspects. One is the sorption
characteristics of the coal specimen. Temperature can significantly affect the adsorption
capacity (Zhang et al., 2011). Typically, the coal sorption capacity would increase when
the temperature drops under the same testing conditions. As a result, the sorption-induced
impact on permeability would change if temperature changes. The other is the impacts of
the thermal expansion of the testing rig. In this test, the triaxial pressure were provided
by the hydraulic oil pressure. In each step, the hydraulic pump provided the targeted
confining pressure. After the confining pressure reached the targeted reading, the valve
of the triaxial chamber was switched off. If the temperature changes, the expansion and
contraction of the oil will influence the confining pressure reading. The triaxial rig used
in this study was modified from the triaxial water flow testing. There was no temperature
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control system equipped in the triaxial testing rig. To minimize the impact of temperature
change, the air condition was kept running during the whole test.
Figure 5.2(b) shows the relationship between permeability and the effective stress. With
the increase of the effective stress, a general trend of reduction is observed. The
exponential function has a good fit with the experimental data, which is also reported by
other researchers (Liu et al., 2018b; Lu et al., 2017b). Figures 5.3 and 5.4 show the core
permeability measured by nitrogen and carbon dioxide. Similar trends are obtained and
the relationships between permeability and effective stress in all these tests show
exponential functions.
Another finding is that a “critical pressure” exists in different confining tests. For example,
in the 8 MPa confining test, when the upstream pressure was below 4 MPa, no gas flow
was detected by the flowmeters, which meant the gas molecular could not pass through
the channels in the specimen. Here, we refer the minimum pressure that can break through
the specimen as the critical pressure. One possible reason of this phenomenon in this study
may be that the flow meter is not sensitive enough to record such small flow. This find is
also useful for the field project, such as the enhanced coalbed methane recovery process
(ECBM). Bustin et al (2016) reported a field trial of nitrogen enhanced coalbed methane
recovery. The main reason was due to the low coal seam permeability. From our testing
results, it can be seen that with the increase of the confining pressure, the critical pressure
was rise too, which means higher gas injection pressure is required for gas breakthrough.
In the field project, when the coal seam permeability is very low, high injection pressure
from the injection borehole or well is required. However, the higher pressure induces
significant permeability reduction, especially for CO2-ECBM process, which means in
some low permeability coal seams, this technology is not feasible.
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(a)

(b)

Figure 5.2 Core permeability measured by helium. (a) Variations of core permeability
at various confining pressure. (b) The relationship between core permeability and
effective stress.
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(a)

(b)

Figure 5.3 Core permeability measured by nitrogen. (a) Variations of core permeability
at various confining pressure. (b) The relationship between core permeability and
effective stress.
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(a)

(b)

Figure 5.4 Core permeability measured by CO2. (a) Variations of core permeability at
various confining pressure. (b) The relationship between core permeability and effective
stress.
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Figure 5.5 summarizes the core permeability variations with respect to effective stress,
measured by different gases. For helium tests, the permeability values are the highest and
these values measured by CO2 are the smallest. For example, when the effective stress is
1.25 MPa, the permeability measured by helium, nitrogen and CO2 is 6 mD, 5.7 mD and
1.1 mD, respectively.

Figure 5.5 The relationships between core permeability and effective stress for different
gases.
To quantify the permeability variations, Figure 5.6 shows the results of kCO2/kHe and
kN2/kHe at the same testing conditions (confining pressure and upstream pressure). It can
be seen that the ratio of kCO2/kHe is between 0.05 and 0.3 and the ratio of KN2/kHe is
between 0.65 and 0.95 except for one point where the ratio is 0.5 when the effective stress
is 6 MPa. It is concluded that the permeability measured using CO2 is significantly lower
than that of helium. The permeability measured using nitrogen is a bit smaller than that
of helium for the same testing conditions.
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Figure 5.6 The ratio of kCO2/kHe and kN2/kHe with respect to effective stress
Due to the characteristics of helium, it is usually regarded as the non-adsorption gas. As
a result, adsorption induced coal matrix swelling has no effects on the permeability in
helium permeability tests. The absolute permeability of the coal specimen is only
dependant on the effective stress. Before these permeability tests in this study, the
adsorption characteristics of the same coal samples were investigated . It was found that
the adsorption capacities of the coal powders to CO2 and to N2 were 31.45 m3/t and 12.37
m3/t, respectively. Especially at the lower gas pressure stage (gas pressure below 4 MPa),
the adsorption mass of CO2 was 5 - 8 times larger than that of N2. Because we compared
the permeability values at the same testing conditions (gas type was the only difference),
we attributed the permeability discrepancy to gas adsorption during the permeability
measurement. In this section, the coal specimen was unsaturated with the testing gas (N2
or CO2). Before the permeability test, the vacuum pump was used to remove the residual
air from inside of the specimen. When N2/CO2 was injected at the upstream side of the
triaxial rig, the gas passed through the fracture system of the specimen. A part of the
injected gas would be adsorbed onto the internal surface of the coal, transforming from

141

gaseous state to adsorption state. As a result, compared with helium, the flow rate of
N2/CO2 at the downstream side was lower. Another reason was the adsorption induced
matrix swelling with the cleat aperture narrowed or even closed, which was widely
recognized by researchers (Durucan and Shi, 2009; Lu et al., 2017a; Zhang et al., 2016a).
As mentioned before, when the flow rate changed less than 0.1 ml/min for ten minutes,
we took this reading to calculate the permeability and regarded it as the un-equilibrium
state permeability. For each test, depending on the testing conditions, this process finished
quite quickly, taking only 20 - 50 minutes. Even though the process of permeability
measurement was quite fast, compared to gas adsorption test in laboratory, the effect of
adsorption induced permeability reduction was quite obvious. From laboratory adsorption
tests (Connell et al., 2016; Jin et al., 2018; Pan and Connell, 2007; Tang et al., 2017; Tu
et al., 2018), the adsorption rate is very fast for the initial stage. Hence, the adsorption
induced matrix swelling and fracture aperture closure are another reason for the reduction
of permeability.
No obvious trends between the ratio and the effective stress can be found from Figure 5.6.
But these results are useful for the underground project, such as CO2 geo-sequestrations
or CO2 enhanced coalbed methane recovery (CO2-ECBM). As reported by a larger
number of researchers (Liu et al., 2016b; Pan et al., 2017), the unminable coal seams are
usually chosen as the targeted media for CO2 geo-sequestration. One of the primary
problems of these projects is the coal seam permeability reduction due to the coal seam
matrix swelling. From this study, we can find the permeability reduction effects are quite
obvious and instant. Once the CO2 is injected into the seam, the permeability immediately
reduced almost 80% of the absolute permeability. A proper injection rate should be
adopted.
5.4.2. Results of permeability evolution
Figure 5.7 shows the variations of permeability with respect to time. The main purpose of
these tests was to investigate the permeability evolution with the CO2 exposure time. In
this section, the CO2 injection pressure was chosen as 3.5 MPa, and the confining pressure
was set as 4 MPa, 5 MPa and 6 MPa. When the confining pressure was higher than 6 MPa,
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gas could not breakthrough the specimen under 3.5 MPa injection pressure. For the 2 MPa
confining test, the injection pressure was 1.2 MPa. Here, it is not appropriate to compare
the 2 MPa confining test results with other tests. Because the gas adsorption pressure is
different from other tests, the 2 MPa confining test just provides a reference for the results.
Due to the different confining pressures, the permeability of the specimen was different.
But for all tests, the permeability increased and reached to its maximum value then
gradually dropped. When we applied the gas pressure to the upstream side, gas flow rate
was gradually monitored downstream. This flow rate rose gradually rather than increasing
immediately to its maximum value. Usually, it took 15 - 45 minutes to reach the peak
value in our tests. After that, the permeability reduced slightly and eventually reached to
the final value. For example, after 15 minutes in the 2 MPa confining test, the maximum
permeability was 1 mD before dropping. After 449 minutes, the permeability was stable
at 0.87 mD (a reduction of 13%). Other results are shown in Figure 5.7 and summarized
in Table 5.4.
Table 5.4 Results of permeabilty reduction tests.
Test NO.

1
2
3
4

Confining
pressure
(MPa)

Upstream
pressure
(MPa)

2
4
5
6

1.2
3.5
3.5
3.5

Maximum permeabilty

Final permeabilty

Value
(mD)

Occurrence
time
(minute)

Value
(mD)

Occurren
ce time
(minute)

1
0.42
0.18
0.03

15
20
35
45

0.87
0.27
0.093
0.007

449
653
1150
1450
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Perme
abilty
reducti
on
ratio
13%
36%
48%
77%

(a)

(b)
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(c)

(d)

Figure 5.7 Variation of permeability with exposure time under different confining
pressure (a) 2MPa (b) 4MPa (c) 5MPa (d) 6MPa
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Figure 5.8 shows the permeability variations with respect to CO2 exposure time for all
tests. In this part, the maximum permeability (summarized in Table 5.4) was chosen to
calculate the permeability reduction effects. From Figure 5.8, it can be seen that, with the
increase of confining pressure, the permeability reduction effects are more obvious.
Meanwhile, the time required to reach the final permeability is longer. The detailed results
are plotted in Figure 5.9 and summarized in Table 5.4.

Figure 5.8 Variation of k/k0 during the test (k0 is the maximum permeability in each
test)
From Figure 5.9, it can be seen that the confining pressure has negative effects on the
permeability. These results are in accordance with the results in the previous section. It
can also be seen that in the lower permeability test, a longer time is required to reach its
final value and the permeability reduction effects are more severe. Specifically, in 4 MPa
confining pressure test, the maximum permeability is 0.42 mD and takes 653 minutes to
reach the final permeability value (0.27 mD, a reduction of 36%). But for the 6 MPa
confining pressure test, a much longer time is required (1,450 minutes) with a
permeability reduction ratio of 77%. When the confining pressure is 4 MPa, 5 MPa and 6
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MPa, the upstream pressure is kept constant at 3.5 MPa and the durations of these tests
are all 3,000 minutes. The adsorption induced matrix swelling narrows the coal fracture
aperture. As a result, the coal permeability reduces. But in the higher confining test, the
permeability reduction is more severe, which means the effects of adsorption induced
matrix swelling on permeability are more obvious. In the coal seam, the fracture system
is the main path for gas flow. The higher confining pressure compacts the coal sample
and closes the fracture aperture. For the same core in our test, the aperture of the fracture
is smaller in the 6MPa confining test, compared with the 4 MPa confining test. But the
adsorption induced swelling effects are very similar in these tests. Even though some
researchers point out that under high stress conditions the adsorption capacity of coal
seam drops.

(a)
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(b)

(c)

Figure 5.9 (a) the maximum permeability of the specimen in different confining tests (b)
the time required to reach the final permeability and (c) the total reduction of
permeability when the final permeability has been reached.
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5.4.3. Results of core adsorption under triaxial confining test
Figure 5.10 shows the variations of upstream and downstream gas pressure during the
adsorption test. It can be seen that the upstream gas pressure gradually drops in all tests,
but the decrease rates are various in different confining pressure tests. In lower confining
pressure test, the decrease rate is higher. Specifically, at 2,000 minutes, the upstream
pressures in the 4 MPa confining test and 6 MPa confining test are 1,600 KPa and 2,800
KPa, respectively. At the end of these tests, the upstream pressures are 700 KPa (4 MPa)
and 1,900 KPa (6 MPa). In all tests, the upstream pressure decreases gradually during the
whole test. No critical point or turning point can be found on these curves, which means
the gas adsorption process is occurring the whole time of the experiments. Due to the time
limits for each test, it was terminated after one week of testing. Even at the end of the test,
the upstream pressure still shows a decreasing trend, which means the adsorption
equilibrium has not been reached, as shown in Figure 5.10(a). For each test, the upstream
pressure decreases faster during the early period. With the increase in experiment time,
the rate of decrease in gas pressure shows gradually.
Figure 5.10(b) shows the variations of the downstream gas pressure. All curves show
increasing trends first and followed be decreasing trends. When gas pressure is applied
upstream (downstream gas pressure is atmosphere pressure), the highest gas pressure
gradient is generated. Gas flows through the specimen and reaches the downstream side.
As a result, gas gradually accumulates downstream and the downstream pressure
increases slowly. During this process, the gas pressure gradient from upstream to
downstream is decreasing. Gas flow within the specimen decreases to zero. The
distribution of gas pressure inside of the specimen is relatively stable when no gas flow
occurred. But from Figure 5.10(b), the downstream pressure drops, because CO2
adsorption occurs during this process. The CO2 molecules downstream are adsorbed onto
the internal surface of the coal close to the downstream side. The downstream gas pressure
drops in the later period of the test. From the testing results, we conclude that gas
adsorption equilibrium is not reached at the end of the test. The time required for gas
adsorption equilibrium under triaxial condition is more than one week.
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(a)

(b)

Figure 5.10 (a) variations of upstream gas pressure for gas adsorption tests under
different confining pressures (b) variations of upstream gas pressure for gas adsorption
tests under different confining pressures
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5.4.4. Development of conceptual model
Over recent decades, permeability models were developed based on the coal dual porosity
system (Palmer and Mansoori, 1998; Shi and Durucan, 2004). The matchstick geometry
model and the cube geometry model are usually adopted to describe the coal seam
structures. Based on the experimental results and the coal seam structure, a conceptual
model is developed to describe the variations of coal seam permeability reduction effects
during CO2 injection process, as shown in Figure 5.11.
In this model, two areas are defined in the coal matrix block, S1 and S2, as shown in
Figure 5.11(a). Area S1 is close to the coal fracture and represents that the matrix swelling
induced by CO2 adsorption contributes to the coal seam permeability. Area S2 is far away
from the coal fractures and contributes limited impact (or even no impact) to the coal
seam permeability. Even though a clear boundary line is shown in this conceptual model,
in real coal matrix blocks there is no remarkable boundary between S1 and S2. b0 and b
represent the fracture aperture before and after CO2 injection, respectively. l denotes the
fracture closure induced by CO2 adsorption. For this model, coal seam is under hydrostatic
confining pressure condition (σ), as shown in Figure 5.11. During the CO2 injection
process, the free state CO2 existing in the coal fracture system is adsorbed onto the internal
surface of the pores in the coal matrix. The CO2 molecules firstly are adsorbed onto the
internal surface of the pores which locate nearby the fracture. Then adsorption process
occurs gradually into the central of the coal matrix blocks. The matrix swelling
propagation theory or the transition theory from local swelling to macro swelling is
developed by previous researchers (Liu et al., 2011b; Liu et al., 2016a), to analyse the
permeability variations. From our laboratory tests, we find that the coal seam permeability
reduction effects are occurred in the first 2,000 minutes (Figure 5.7), while the adsorption
processes occur during the whole tests (Figure 5.10), more than 10,000 minutes. We
conclude that for the initial adsorption process which is mainly occurred in the coal matrix
blocks near the coal fracture (represented as S1 in Figure 5.11), the impact of adsorption
swelling on coal seam permeability reduction is obvious. With the continuous injection
of CO2, the adsorption induced matrix swelling (represented as S2) has limited impact on
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the coal seam permeability. This model can clearly illustrate the coal permeability
variations and the gas adsorptions in our laboratory tests.
In the permeability reduction tests, under different confining pressure testing conditions
(4 MPa, 5 MPa and 6 MPa), all these tests were conducted for 3,000 minutes to obtain the
fully variations of coal permeability. The same coal specimen was used for each test and
all the other testing conditions (injection pressure, testing time, temperature etc.) were
kept the same except for the confining pressure. We regard the total adsorption volumes
of CO2 of all tests are the same. Even though previous studies have shown that the
confining pressure can definitely impact the total gas adsorption volume, in our test, the
specimen had still not reached adsorption equilibrium. As a result, the adsorption induced
matrix swellings are regarded all the same in these tests. In Figure 5.11, the adsorption
induced fracture aperture closures are all represented as l in these three tests. But in the
lower confining pressure test (4 MPa confining pressure), the original coal fracture
aperture (before CO2 injection) is wider, compared with that of the high confining
pressure test (6 MPa). Hence, the CO2 injection induced coal seam permeability reduction
is more severe in lower permeability seams. In our test, a permeability of 77% is found in
the 6 MPa confining test, compared with that of the 4 MPa confining test, a permeability
reduction of 36%.
This conceptual model is also verified by previous research works. Here, two sets of
laboratory experiment results are used for validation of this model. One laboratory test of
CO2 injection enhanced coalbed methane recovery (CO2-ECBM) was conducted by Zhou.
et al.(2013) Permeability was analysed by the author and the testing results are shown in
Figure 5.12. It can be seen that a significant drop of permeability occurs after CO2
injection into the coal specimen Figure 12(b). Specifically, the permeability decreases
from 0.012 mD to 0.0014 mD, a reduction of 88%.
The permeability reduction effects are mainly occurred in the first 1.2 days and after that
the permeability of the specimen is stable. But the CO2-ECBM test was conducted for
more than 6 days. From Figure 5.12(a), we find that the total CH4 recovery ratio is
approximately 60% at the time of 1.2 days. But the final CH4 recovery ratio is 92%, which
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means the CO2 molecular is still displacing CH4 molecular inside of the specimen. The
processes of CO2 adsorption and CH4 desorption are happening for the first 3 days. After
1.2 days, even though CO2 molecular is still adsorbed onto the coal specimen, the swelling
effects have no impact on the permeability. We can conclude that from 1.2 days to the
end of the test, the process of CO2 adsorption is mainly occurred in the area S2 shown in
Figure 5.11.
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(a)

(b)

(c)

Figure 5.11 Concept model of coal seam permeability reduction effect. (a) 4MPa confining pressure test (b) 5MPa confining pressure test
(c) 6MPa confining pressure test
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Figure 5.12 Laboratory test of CO2-ECBM. (a) Variations of recovery and composition
of CH4 with time for CO2-ECBM. (b) Coal permeability variations with time (Zhou et
al., 2013)

5.4.5. Implications for CO2 geo-sequestration
So far, only several field trial projects were conducted for CO2 geo-sequestration or CO2ECBM. The main problem is the reduction of CO2 injectivity or injection rate at the
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constant injection pressure in the later period. For example, in the San Juan Basin CO 2ECBM field trials (high permeability), the CO2 injection rate dropped from 1.4×104 m3/d
to 0.84×104 m3/d. Similar situations were also observed in other field trials. Based on the
model proposed in this paper, some suggestions are provided for the CO2 geosequestrations.
A suitable permeability is required for the targeted coal seams. As mentioned in previous
sections, at the same CO2 injection rate/pressure, permeability reduction effects are more
severe in lower permeability scenarios. Coal matrix that closes to the fracture plays a key
role in the coal seam permeability variation process. The CO2 adsorption induced coal
matrix swelling would completely close the fracture aperture if the permeability is low
enough. When the fracture apertures are fully closed, gas migrations in the seam would
not follow Darcy’s flow law. The gas migration in the coal seam is wholly diffusions
through the coal matrix. It is also pointed out by other researchers (Karacan and Okandan,
2000; Karacan et al., 2011) that the permeability of the coal matrix is approximate 2 or 3
orders of magnitude lower than fracture permeability. Under this circumstance, the
injection rate would drop sharply and lead to failure of CO2 injection.
A correct injection rate/pressure should be adopted. Even though a higher injection
pressure can generate a large pressure gradient between the injection well and the
production well for the ECBM process, the adsorption swelling effect is also obvious with
high CO2 pressure. For the high injection case, CO2 adsorption induced permeability
reduction would be significant in the coal seams which are close to the injection well. As
a result, CO2 would only exist in these areas near the injection well rather than flow
through the coal seam towards the production well or deeper into seams. A proper
injection rate is based on the coal seam geological and sorption characteristics, such as
absolute permeability, sorption capacity, swelling effects etc. Based on the conceptual
model developed in this paper, only S1 (in Figure 5.11) contributes to the permeability
variation. More CO2 molecules would be adsorbed onto the pores located in S2 in the later
stage. For this reason, this proper injection pressure should be carried out for a longer
period of time.
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5.5. Summary
Laboratory tests were conducted to measure the coal permeability by different gases
(helium, nitrogen and CO2). For the same coal specimen, the permeability measured with
different gases is different at the same testing conditions. It is found that the ratio of
kCO2/kHe is between 0.05 and 0.3 and the ratio of kN2/kHe is between 0.65 and 0.95. The
exponential function has a good fit with the experimental data to describe the relationship
between coal permeability and the effective stress.
Permeability reduction effects are obtained with the CO2 exposure time under different
confining pressure. There is a reduction in permeability of 13% - 77%. At the same CO2
injection pressure, with the increase of confining pressure, the permeability reduction
effects are more severe. For each test, the test was conducted for approximately 3,000
minutes. It is also found that in the lower permeability test, more time is required to reach
its final permeability value.
The same coal specimen is used to conduct the triaxial CO2 adsorption test. It is found
that the equilibrium time of the specimen for CO2 adsorption is quite long (more than one
week for this study). Under the testing time of approximately one week, none of these
tests reach CO2 adsorption equilibrium.
By comparing the coal permeability variations and the triaxial adsorption results, a
conceptual model is put forward to describe the permeability variations for the CO2
injection process. It is found that only the matrix that closes to the coal fracture plays vital
role in governing coal seam permeability. The CO2 adsorption occurring in the central of
the matrix blocks has minor or no impacts on permeability.
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6. SIMULATION INVESTIGATION OF N2 INJECTION
ENHANCED COAL SEAM GAS RECOVERY
6.1. Introduction
In this chapter, simulation work is performed to investigate the process of N 2 injection
enhanced coal seam gas recovery. Based on the gas flow and diffusion laws, a binary gas
migration model is proposed to illustrate the N2 injection process. The simulation results
matched well with the laboratory test results, indicating that this model could be used to
investigate the mechanism of N2 flushing coal seam gas. The parameters affecting the
flushing performance were then studied using this model, including coal seam
permeability, gas diffusion coefficient, N2 injection pressure and in-situ gas content.
These results suggest that coal seam permeability and CO2 diffusion coefficient are the
key parameters having significant impacts on the drainage performance whilst N2
diffusion coefficient only has negligible effect. A critical parameter theory was developed
to describe the correlation between these parameters (especially coal seam permeability
and the diffusion coefficient of coal seam gas). Specifically, in low permeable coal seams,
permeability was the critical parameter and the effects of other parameters were
insignificant. Similarly, if the diffusion coefficient of coal seam gas was very low, it could
become a critical parameter.

6.2. N2 flushing experiments
Coal samples are obtained from the coal mines operating in the Bulli seam, located in the
Southern Sydney Basin, Australia. Currently gas drainage is carried out at all these mines
to reduce the gas content below the TLV. One particular feature in these mines is that the
coal seam contains CO2 with its composition varying between 5% and 99%. Much longer
time is required for the gas drainage to reduce the gas content blow the TLV due to the
high affinity of coal to CO2. Coal samples were collected from underground mine sites
and standard cylinder specimens were used for the N2 flushing experiments. Initially, the
coal specimen is placed into the triaxial cell with the vacuum to remove the residual air
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in the cell. CO2 gas is then introduced into the coal specimen at designed gas pressure for
saturation. N2 injection is carried out after the adsorption equilibrium is reached. Full
details of these experiments can be referred to Chapter 4.

6.3. Model development
It is widely accepted that coal seams are dual porosity systems, consisting of cleat porosity
(fracture porosity) and matrix porosity. Cleat porosity governs the coal seam permeability
and matrix porosity is the gas primary storage area where coal seam gas exists as
adsorption phase state (Jin et al., 2016; Karacan et al., 2011; Mohanty and Pal, 2017;
Moore, 2012; Wei et al., 2016), as shown in Figure 6.1. Darcy’s law is used to explain the
free phase gas migration mechanism and Fick’s diffusion law is used to describe coal
seam gas exchange between cleat porosity and matrix porosity(Si et al., 2017). These laws
are the fundamental theory of nitrogen injection enhanced gas drainage model. The coal
seam permeability is one important parameter in coalbed methane production and
underground coal mines gas management (Pan and Connell, 2011; Pan et al., 2017).
Previous researchers have proven that the permeability evolution is controlled by the
effective stress and the sorption-induced matrix volume changes (Harpalani and
Schraufnagel, 1990; Liu et al., 2011a). In the CBM production process, with coal seam
gas depletion, effective stress is decreasing and the cleat aperture decreases. As a result,
the coal seam permeability decreases(Liu et al., 2016b). Desorption of coal seam gas
induces coal matrix shrinkage and the cleat aperture expands, which will in turn increase
the coal seam permeability (Connell et al., 2017). In the enhanced gas drainage process,
the gas pressure is kept constant due to the injected gas. Hence the effect of effective
stress changes can be neglected. Sorption-induced matrix strain needs to be considered.
In this model, two types of gas (N2 and coal seam gas CO2) are analysed separately.
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Figure 6.1 Dual porosity model of coal seam and gas migration process in the coal
seams
6.3.1. Gas exchange between cleat and matrix
During the N2 flooding process, binary gas mixtures migrate through the coal sample.
Here, we define the subscript 1 as coal seam gas and 2 as injected nitrogen. In the coal
porosity system:
Pf = Pf1 + Pf2
Pm = Pm1 + Pm2

(6-1)
(6-2)

where Pf is gas pressure in fracture and Pm is gas pressure in matrix.
Due to the gas concentration difference between the cleat and matrix, gas exchange occurs
between these two systems. In the flooding process, N2 is injected into the coal sample
and firstly exists in the cleat. N2 partial pressure in cleat is higher than that in the matrix.
Hence N2 diffusion occurs from cleat to matrix. The total gas pressure in the cleat is kept
constant. Hence the coal seam gas partial pressure drops. Typically, the matrix
permeability is one to three orders of magnitude less than the cleat permeability, and due
to the low matrix permeability, the matrix is widely considered to be effectively
impermeable (Adeboye, 2011; Han et al., 2010). It is more suitable to describe the
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dominant gas exchange between coal matrix and cleat as diffusion rather than Darcy flow.
Followed by Fick’s diffusion law, this process is driven by gas concentration and gas
exchange is expressed as (Liu et al., 2015; Zhang et al., 2008):
Q1 = D1 σs (cm1 −cf1 )

(6-3)

Q2 = D2 σs (cm2 −cf2 )

(6-4)

where Q is the gas exchange rate per volume of coal matrix blocks (kg/m3s), D is the gas
diffusion coefficient (m2/s);σs is the coal matrix block shape factor, (m-2); cm and cf are
the gas concentration in matrix and fracture respectively. Based on the ideal gas law, the
correlation between pressure and concentration is:
M

cm = RT Pm
M

cf = RT Pf

(6-5)
(6-6)

where M is the molar mass of gas (kg/mol), R is the universal gas constant (8.314 J/molK),
and T is the temperature (K). σs is defined as (Lim and Aziz, 1995):
σs =

3π2

(6-7)

L2

where L is the spacing between the fractures (m).
Gas is stored in the coal seam as adsorption phase state and free phase state (Saghafi et
al., 2007). In the coal matrix, the total gas is the sum of free phase gas and the adsorbed
gas. In the N2 flooding process, binary gas exists in the coal sample system. For a binary
gas, the extended Langmuir model (Kapoor et al., 1990) is widely used to describe the
gas adsorption, which can be written as:
VL1 b1 Pm1

V1 = 1+b

1 Pm1 +b2 Pm2

VL2 b2 Pm2

V2 = 1+b

1 Pm1 +b2 Pm2

(6-8)

(6-9)
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where V is the adsorbed gas volume (m3/kg), b (Pa-1) and VL (m3/kg) are the Langmuir
constants. The total gas mass in matrix mm (kg/m3) including free phase gas and adsorbed
phase gas (Saghafi et al., 2007; Zhang et al., 2008), can be written as:
M

VL1 b1 Pm1

mm1 = ϕm Pm1 RT1 + ρc ρgs1 1+b
M

(6-10)

1 Pm1 +b2 Pm2

VL2 b2 Pm2

mm2 = ϕm Pm2 RT2 + ρc ρgs2 1+b

(6-11)

1 Pm1 +b2 Pm2

where ϕm is the matrix porosity, ρc is the coal density (kg/m3) and ρgs is the gas density
at standard conditions (kg/m3). By applying mass conservation law to matrix (Liu et al.,
2015), we obtain:
∂mm1
∂t
∂mm2
∂t

= −Q1

(6-12)

= −Q2

(6-13)

By substituting Eqs. (6-3)(6-5)(6-6)(6-7)(6-10) into Eq. (6-12) and Eqs.(6-4)(6-5)(6-6)(67)(6-11) into Eq. (6-13), we obtain the governing equations for the gas pressure change
between matrix and cleat:
M

V

b1 (1+b2 Pm2 ) ∂Pm1
2 ] ∂t
1 Pm1 +b2 Pm2 )

L1
[ϕm RT1 + ρc ρgs1 (1+b

−D1

3π2 M1
L2 RT
M

V

3π2 M2
L2 RT

b1 b2 Pm1
2
1 m1 +b2 Pm2 )

∂Pm2
∂t

=

(Pm1 − Pf1 )
b2 (1+b1 Pm1 ) ∂Pm2
2 ] ∂t
1 Pm1 +b2 Pm2 )

L2
[ϕm RT2 + ρc ρgs2 (1+b

−D2

V

− ρc ρgs1 (1+b L1P

(6-14)
V

− ρc ρgs2 (1+b L2P

b1 b2 Pm2

1 m1 +b2 Pm2

(Pm2 − Pf2 )

∂Pm1
)2

∂t

=
(6-15)

6.3.2. Gas migration in cleat
In the cleat system, Darcy flow occurs. With the N2 injection from one side of the coal
seam, the binary gas flow out of the coal seam on the other side. Meanwhile, gas exchange
occurs between cleat and matrix and this is a dynamic process. Here we define gas mass
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decrease as negative and gas mass increase as positive. By applying mass conservation
law, in the cleat system, we obtain:
∂mf
∂t

= −∇(VD

Pf M
RT

)+Q

(6-16)

where VD is the gas movement described by Darcy’s law (m3/s), mf is the gas mass in
fracture (kg/m3), can be written as:
M

mf1 = ϕf Pf1 RT1

(6-17)

M

mf2 = ϕf Pf2 RT2

(6-18)

where ϕf is the cleat porosity. The gas movement in the cleat system can be described by
Darcy’s law, hence:
VD1 = −
VD2 = −

x1 k
μ1
x2 k
μ2

∇(Pf1 + Pf2 )

(6-19)

∇(Pf1 + Pf2 )

(6-20)

where k is the seam permeability (m2), μ is the gas viscosity (Pa s). x1 , x2 are the
percentage of seam gas and injected nitrogen respectively. Substituting Eqs.(6-3)(6-17)(619) into Eq. (6-16) and substituting Eqs.(6-4)(6-18)(6-20) into Eq. (6-16), we obtain gas
migration governing equations as:
ϕf
ϕf

∂Pf1
∂t

∂Pf2
∂t

+ Pf1
+ Pf2

∂ϕf
∂t

∂ϕf
∂t

= −∇(

= −∇(

Pf1 k
μ1
Pf2 k
μ2

∇(Pf1 + Pf2 )) + D1
∇(Pf1 + Pf2 )) + D1

3π2
L2
3π2
L2

(Pm1 − Pf1 )

(6-21)

(Pm2 − Pf2 )

(6-22)

From Eqs. (6-21)(6-22), it is observed that during the N2 enhanced gas drainage process,
cleat porosity changes against time, hence an appropriate permeability model is required.
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6.3.3. Coal deformation
The coal specimen in this study is regarded as a homogeneous and poroelastic media.
During the N2 flushing coal seam gas process, the deformation of the coal matrix is
governed by sorption induced strain (N2 and coal seam gas competitive adsorption), free
gas pressure in the cleat system and the coal specimen initial boundary conditions. The
strain and displacement relations can be written as:
1

εij = 2 (ui,j + uj,i )

(6-23)

And the equilibrium equation is defined as:
σij,j + Fi = 0

(6-24)

where εij is the component of the total strain tensor, ui is the component of the
displacement in the i-direction, σij is the component of the total stress tensor, Fi is the
component of the body force in the i-direction.
By analogy to the thermoelastic strain (Chen et al., 2010; Zhu et al., 2011), the coal
specimen deformation can be written as:
1

1

1

α

εij = 2G σij − (6G − 9K) σkk δij + 3K Pf δij +
s

E

εs
3

δij

(6-25)

E

where G = 2(1+ν), K = 3(1−2ν), K is the coal bulk modulus (Pa)and G is the shear modulus
of coal (Pa); E and ν are the Young’s modulus of coal and Poisson ratio of coal
respectively; σkk is the volumetric strain of coal matrix; K s is the coal grains’ bulk
modulus (Pa); δij is the Kronecker delta. During the N2 flushing process, in the coal
specimen, binary gas exists. For matrix strain induced by gas sorption, the extended
Langmuir-like model(Zhang et al., 2008) can be used in the coal sample:
εs = ε1 + ε2
ε

ε1 = 1+b L1
P

b1 Pm1

1 m1 +b2 Pm2

(6-26)
(6-27)
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ε

ε2 = 1+b L2
P

b2 Pm2

(6-28)

1 m1 +b2 Pm2

Combining the Eqs.(6-23)-(6-28), the governing equation for coal deformation is written
as:
G

K

Gui,jj + 1−2ν uj,ji + K Pf − K
s

εL1 b1 Pm1 +εL2 b2 Pm2
1+b1 Pm1 +b2 Pm2

− αPf + Fi = 0

(6-29)

6.3.4. Permeability model
Coal permeability is sensitive to the effective stress and the coal matrix swelling/
shrinkage induced by the adsorption/desorption. Existing coal permeability model, such
as P&M (Palmer and Mansoori, 1998), S&D model (Shi and Durucan, 2004) can well
illustrate the coal seam permeability variation during the coal bed methane production by
historical match. However, both of these models are based on the assumption of uniaxial
strain state. In our experiment test, triaxial tests were conducted by applying hydrostatic
confining pressure. Hence these models cannot be used to describe our test. Based on the
general linear poroelastic constitutive law, Connell (2010b) developed a permeability
model for triaxial strain conditions:
1

ϕf = ϕf0 − [K (∆Pc − ∆Pf ) − (β − 1)∆εb ]

(6-30)

Based on the cubic law for gas permeability:
1

1

k = k 0 {1 − ϕ [K (∆Pc − ∆Pf ) − (β − 1)∆εb ]}3

(6-31)

f0

where k 0 is the permeability at reference state (m2), ϕf0 is the fracture porosity at
reference state, K is bulk modulus of coal (Pa), Pc is the confining pressure in the triaxial
test, β is model parameter, εb is the sopriton indcued bulk volumetric strain of coal.
Substituting Eqs. (6-27)(6-28) into Eq. (6-30), we obtain:
1

εL1 b1 Pm1 +εL2 b2 Pm2
1+b1 Pm1 +b2 Pm2

ϕf = ϕf0 − [K (Pf1 + Pf2 − Pf10 − Pf20 ) − (β − 1) (

(6-32)
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−

εL1 b1 Pm10 +εL2 b2 Pm20
)]
1+b1 Pm10 +b2 Pm20

From Eq.(6-32), it can be seen that coal cleat porosity is governed by Pf1 , Pf2 , Pm1 and Pm2.
In this permeability model, both the effective stress effect and sorption induced coal
matrix strain have influence on the coal seam permeability variation. The coal cleat
variation with respect to time can be calculated as:
∂ϕf
∂t

1 ∂Pf1
∂t

= K(

+

∂Pf2
)+
∂t

(β − 1) [

εL1 b1 +(εL1 −εL2 )b1 b2 Pm2 ∂Pm1
(1+b1 Pm1 +b2 Pm2 )2
∂t

+

εL2 b2 +(εL2 −εL1 )b1 b2 Pm1 ∂Pm2
]
(1+b1 Pm1 +b2 Pm2 )2
∂t

(6-33)
Combining Eqs.(6-21)(6-22)(6-33), the gas migration governing equations can be
obtained with only four variables: Pf1 , Pf2 , Pm1 and Pm2, written as:
1 ∂Pf1

(ϕf + Pf1 K)
1)

1 ∂Pf2

+ Pf1 K

∂t

+ Pf1 (β − 1)

εL2 b2 +(εL2 −εL1 )b1 b2 Pm1 ∂Pm2
(1+b1 Pm1 +b2 Pm2 )2
∂t
1 ∂Pf1

Pf2 K
1)

∂t

∂t

1 ∂Pf2

+ (ϕf + Pf2 K)

∂t

= −∇(

Pf1 k
μ1

+ Pf2 (β − 1)

εL2 b2 +(εL2 −εL1 )b1 b2 Pm1 ∂Pm2
(1+b1 Pm1 +b2 Pm2 )2
∂t

= −∇(

Pf2 k
μ2

εL1 b1 +(εL1 −εL2 )b1 b2 Pm2 ∂Pm1
(1+b1 Pm1 +b2 Pm2 )2
∂t

∇Pf1 ) + D1

3π2
L2

(Pm1 − Pf1 )

εL1 b1 +(εL1 −εL2 )b1 b2 Pm2 ∂Pm1
(1+b1 Pm1 +b2 Pm2 )2
∂t

∇Pf2 ) + D1

3π2
L2

+ Pf1 (β −

(Pm2 − Pf2 )

(6-34)
+ Pf2 (β −
(6-35)

Combining Eqs. (6-14) (6-15) (6-34) (6-35) yields a set of four partial differential
equations (PDEs) and in these equations, four variables exist. Equations (6-14) (6-15)
describe the binary gas mixture exchange between coal cleat and coal matrix. Eqs (6-34)
(6-35) describe the binary gas mixture migration in coal cleat system. Meanwhile, the
triaxial testing conditions can be expressed by Eq.(6-31). Therefore, these sets of
equations define a mathematical model of coupled gas flow in coal sample under triaxial
confining test conditions. All these governing equations are written into COMSOL
Multiphysics and solved by this tool.
6.3.5. Comparison with previous model
Other simulation researches were carried out previously to investigate the performance of
nitrogen injection enhanced gas recovery {Connell, 2017 #210}{Ren, 2017 #66}. Here
are the main difference from other simulation work.
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The coupling effects of sorption induced strain and the mechanical deformation of the
coal specimen under triaxial stress are considered, which is shown in Eqs. 6.23-6.29.
binary gas sorption induced strain is considered and this effect is constantly changing
during the nitrogen flushing process due to the changes of nitrogen partial pressure. As
stated in Chapter 3, CO2 adsorption induced strain is much larger than that of nitrogen.
A different permeability model is used in this study. Most of the previous models were
used to simulate the field nitrogen enhanced gas drainage under different conditions. The
widely accepted permeability models, such as P&M, S&D model, were used. These
models are based on two assumptions: constant overburden stress and uniaxial strain,
while these assumptions are not suitable for the triaxial testing conditions. Based on the
general linear poroelastic constitutive law, a permeability model was developed for
triaxial strain conditions, as shown in Eq. 6-31.

6.4. Numerical simulations
In this section, numerical simulations are conducted by COMSOL Multiphysics. As
mentioned above, all the governing equations are written into the PDE module. In this
study, we are aiming to simulate from laboratory scale, hence geometry of a coal specimen
is built to do the simulation. The geometry and boundary conditions of the simulation
model is illustrated in Figure 6.2. From the solid deformation aspect, the left and right
side of the model is applied confining pressure, a constant confining pressure was applied
depending the test requirements. The bottom of the model is a fixed-end boundary and
the top is a constant load boundary. From gas migration aspect, the left and right side of
the model is zero flux conditions. In our test, we assume injected N2 was applied at the
top of the model and then gas flow out from the bottom of the model. The inlet void space
and the outlet void space are represented by the volume at the top and the bottom of the
specimen. At initial state, the gas pressure in this void space is set to the saturation
equilibrium pressure. For the flushing test, the Dirichlet and Newmann boundary
conditions are defined as:
For the top of the model:
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Pm1 = Pf1 = 0
Pm2 = Pf2 = p̃ on ∂Ω

(6-36)

For the bottom of the model:
Pm1 = Pf1 = P(t)
Pm2 = Pf2 = 0

(6-37)

The initial conditions of gas migration in the domain are defined as:
Pm1 (0) = Pf1 (0) = P0
Pm2 (0) = Pf2 (0) = 0 in ∂Ω

(6-38)

Where p̃ is the constant gas pressure, in this paper, it refers to the N2 injection pressure.
P(0) is the initial gas pressure.

Figure 6.2 Geometry and boundary conditions for the numerical simulation of N2
enhanced gas drainage
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6.4.1. Model validation
A series of coal characteristics tests were conducted by using coal samples obtained from
a coal mine from Sydney basin of Australia, including coal sorption tests, sorption
induced strain measurements and N2 flushing coal seam gas tests (Ren et al., 2017). The
coal mine of the sample collection is currently experiencing high CO2 content (in some
areas CO2 content reaches 99%). Hence the N2 enhanced gas drainage laboratory tests
were carried out to study N2 enhanced CO2 drainage effects. In the laboratory tests, by
applying different confining pressure, the permeability of the coal specimen is different.
In our test, two N2 flushing coal seam gas tests were conducted with different permeability
conditions (when the confining pressure was 5 MPa, the measured permeability was 0.3
mD; another test was carried out under 8 MPa confining pressure conditions, the measured
permeability was 0.06 mD). Based on the test conditions, the same parameters were used
to validate the binary gas migration model. The parameters used in the simulation were
summarized in Table 6.1. In this section, the gas diffusion time was modified to best fit
the simulation results with the laboratory observation. Most of the previous work is based
on the powdered coal to measure the diffusion time, while this is not suitable for the
cylindrical specimen. The shape factor is different. Another parameter (matrix porosity)
was modified. Helium was used to measure the void volume including the cleat porosity
and matrix porosity. Here by adjusting the coal matrix porosity, the simulation results
were compared with laboratory observation.
Table 6.1 Constant parameters used in the simulation model
Parameters
Youg’s modulus of coal, E
Passion’s ratio of coal,
Coal density, ρc
Diffusion coefficient of CO2,
D1

Value
2300 MPa
0.32
1350 kg/m3
2.7e-10 m2/s

Reference
Lab measurement
Lab measurement
Lab measurement
Lab measurement and
estimation
Lab measurement and
estimation

Porosity of coal matrix, ϕm

4.9%

Langmuir volume of CO2,
VL1
Langmuir pressure of
CO2, PL1

30.4 m3/t

Lab measurement

0.83 MPa

Lab measurement
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Langmuir volume of N2, VL2
Langmuir pressure of N2, PL2
Diffusion coefficient of N2,
D2

14 m3/t
3.61 MPa
3e-11 m2/s

Initial cleat porosity, ϕf0
Sorption strain constant of
CO2, εL1
Sorption strain constant of
N2, εL2

1.9%

Lab measurement
Lab measurement
Lab measurement and
estimation
Estimation (An et al.,
2013; Liu et al., 2015;
Purl et al., 1991)

2.31%

Lab measurement

0.88%

Lab measurement

Cleat spacing, a

7.7 mm

Permeability constant, β

1.4

Packham et al.(Packham
et al., 2011) and
estimation
Connell et al. (2010b)

6.4.2. Effects of Coal seam characteristics on N2 enhanced gas drainage
From previous studies (Dong et al., 2017a; Liu et al., 2015; Ren et al., 2017; Vishal et al.,
2015), it can be observed that coal seam characteristics have a significant impact on the
gas drainage efficiency. These parameters of coal seam include coal seam permeability
and gas diffusion time. As illustrated above, two processes occur during the ECBM
process: Darcy flow and Fick’s diffusion process. Permeability and diffusion time are the
factors governing these two processes. In order to find how these parameters affect the
results, different values of permeability and diffusion coefficient are used in this paper.
6.4.2.1.

Permeability

In different geological conditions, the coal seam permeability varies. From previous
literature (Moore, 2012; Zhang et al., 2016b), it is obtained that the coal seam permeability
various. Due to the laboratory test limitations, only two permeability conditions tests were
carried out (0.3 mD and 0.06 mD). In order to better understand how permeability
influence on N2 enhanced gas drainage process, a variety of permeabilities are applied
into the mathematical model. The test conditions are summarized in Table 6.2.
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6.4.2.2.

Sorption time

From Fick’s diffusion aspect, the sorption time (τ) is one key parameter that affect the
enhanced gas drainage efficiency. Sorption time is defined as the time needed for 63.2%
of the total gas diffuses from coal matrix to coal cleat. This time is controlled by shape
factor σs (m-2) and diffusion coefficient D (m2/s), as illustrated in Eq.(39) (King and
Turgay, 1995).
Table 6.2 Numerical simulations at different parameters
No.

N2
diffusion
Coefficient m2/s
3e-11
3e-11
3e-11
3e-11
3e-11

CO2 diffusion
coefficient m2/s
2.7e-10
2.7e-10
2.7e-10
2.7e-10
2.7e-10

Note

1
2
3
4
5

Permeability
mD
0.3
0.06
0.006
0.03
0.1

6
7
8
9

0.06
0.06
0.06
0.06

3e-12
3e-10
3e-11
3e-11

2.7e-10
2.7e-10
2.7e-11
2.7e-9

N2 diffusions effects
N2 diffusions effects
CO2 diffusions effects
CO2 diffusions effects

Model validation
Model validation
Permeability effects
Permeability effects
Permeability effects

From the N2 enhanced gas drainage model, the shape factor is a constant if the cleat space
is fixed. Hence, the sorption time is governed by the gas diffusion coefficient D.
1

τ=σ

sD

(6-39)

In the binary gas migration model, the N2 diffusion and coal seam gas (CO2) diffusion are
two opposite process: N2 migrates from cleat to coal matrix and CO2 diffuses out of the
coal matrix to cleat. Both of the N2 and CO2 diffusion coefficient were investigated in the
simulations. The test conditions are summarized in Table 6.2.
6.4.3. N2 injection parameters
Besides the coal seam characteristics, the N2 injection parameters (N2 injection pressure,
CO2 content) also have influence on the enhanced gas drainage efficiency. Usually, the
gas content of coal seam varies significantly and the N2 enhanced gas drainage efficiency
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is different. Meanwhile, the N2 injection pressure has an influence on the gas
breakthrough time, and the flooding efficiency is also affected. In this study, when in situ
CO2 content is 4 MPa, different N2 injection pressures (4 MPa, 4.5 MPa and 5 MPa) are
applied. Then we change the in situ CO2 content to 5 MPa to investigate the impact of
coal seam gas content on N2 enhanced gas drainage performance. The simulations are
summarized in Table 6.3.
Table 6.3 Numerical simulations at different injection parameters
No.
1
2
3
4

N2 injection pressure (MPa)
4
4.5
5
4

CO2 in situ pressure (MPa)
4
4
4
5

6.5. Test results
In the N2 enhanced gas drainage test, the gas composition and the residual CO2 content
with respect to time are the two parameters to evaluate the performance. In order to make
comparisons with laboratory tests, the cleat pressures were recorded, including N2
pressure and CO2 pressure (in this study referring to Pf1 andPf2). Based on the gas pressure
law, we can use gas pressure ratio to represent gas composition. The CO2 matrix pressure
(Pm1) is used to calculate the residual CO2 content, based on the extended Langmuir model
Eq.(6-8).
In the 0.3 mD simulation test and the 0.06 mD simulation test, similar trends are observed.
Here, the contours of 0.06 mD simulations are presented. Figure 6.3 shows the contour of
CO2 and N2 content in the matrix system at different time. It can be seen that CO2 content
decreases with the test going. In the simulations, N2 is injected at the top of the specimen,
so CO2 residual pressure increases from top to bottom. Opposite trends are observed for
the N2 content and it shows an increasing trend with the test going. N2 content is higher
at the top of the model than that in the bottom.
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Figure 6.3 Contours of CO2 content and N2 content at different time in 0.06 mD
simulation test
Figure 6.4 shows the gas composition variations with respect to time in both simulations.
From the overall trends, simulation results can well match experiment results and similar
changing trends are observed in both experiment results and simulation results.
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Figure 6.4 Comparison of Gas compositions between experiment and simulation (a)
0.3mD permeability (b) 0.06mD permeability
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Figure 6.5 CO2 residual content comparisons between experiment and simulation (a)
0.3mD permeability conditions (b) 0.06mD permeability conditions
Another important index to evaluate the flushing efficiency is the CO2 residual content.
Figure 6.5 shows the residual CO2 content in coal specimen with respect to time. Results
show a good match between the simulation and experiment. From the simulation results,
it can be seen that this binary gas migration model can accurately describe how N2
flushing coal seam gas process. This binary gas exchange-migrate model can be used to
investigate how different parameters affect the efficiency of N2 flushing coal seam gas.
In this study, the simulation results are presented from the CO2 percentage aspect and the
CO2 residual content aspect.
6.5.1. Permeability
Figure 6.6 shows the N2 enhanced gas drainage results under different permeability
conditions. It can be seen that with the increase of permeability, the CO2 percentage drops
more rapidly from the gas composition aspect and the CO2 residual content is lower from
the residual gas content aspect. Specifically, from the CO2 percentage aspect, at 2,500
minutes, the CO2 percentage is 8% if the permeability is 0.1mD. When the permeability
decreases to 0.006 mD, the CO2 percentage is 38%, almost 5 times larger than 0.1mD
case. For CO2 residual content, at 25,000 minutes, its content level is 4.6 m3/t (0.1 mD)
whilst its value is 9.6 m3/t when permeability is 0.006 mD. It can be concluded that
permeability has a significant impact on the N2 enhanced gas drainage efficiency: higher
permeability has a relatively better results (coal seam gas concentration decreases faster
and lower residual content).
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Figure 6.6 CO2 percentage variation against time and CO2 residual content variation
against time under different permeability conditions
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As explained in our previous study, a Two-stage flushing mechanism is established:
Stage-I, the free phase coal seam gas is flushed out due to the injected N2. Typically, the
pressure of N2 is higher than the coal seam gas pressure, and a pressure gradient is formed
(pressure gradient is the driven force for Darcy flow). As a result, the free phase coal seam
gas flows out of the coal seam firstly. Stage-II, desorbed coal seam gas diffuses from the
coal matrix pores to the coal cleat system. One thing need to be clear is that these two
stages do not follow in sequence, but happen simultaneously. Once the difference of coal
seam gas partial pressure occurs, coal seam gas molecular will diffuse from the matrix
pores to the cleat pores. And the difference of coal seam gas partial pressure is the result
of Stage-I (when the coal seam gas flow out of the coal seam, the coal seam partial
pressure in the cleat pores decreases). This is a dynamic evaluation process during the N2
flushing coal seam gas. In this process, permeability plays a vital role that governs the
efficiency of N2 flushing. Specifically, in Stage-I, the free phase coal seam gas flow out
of the coal seam is controlled by permeability. It is well known that coal seam gas flow
through coal cleat following the Darcy low. In laboratory test, the flow rate is calculated
as:
Q=

kA(P21 −P22 )
2Pa μL

(6-40)

where Q is the volumetric rate of flow at barometric pressure (m3/s), Pa is the reference
pressure (Pa), μ is the fluid viscosity (cp), L is the length of the specimen (m), k is the
permeability (m2), A is the cross-section area of the specimen (m2), P1 is the inlet gas
pressure (Pa), P2 is the outlet gas pressure (Pa).
In low permeability case, the required time for the free phase gas existing in the cleat to
flow out of the coal seam is longer. Comparing with the higher permeability case, the coal
seam gas partial pressure in the cleat pores is always higher in low permeability case
during the N2 flushing process, resulting smaller pressure difference between coal matrix
pores and cleat pores. It can be concluded that permeability can not only influence the
Stage-I, but also influence Stage-II. As a result, to reduce the gas content below the
threshold limit value, much longer time is required for low permeability case.
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6.5.2. CO2 diffusion coefficient
Figure 6.7 shows the CO2 diffusion coefficient effects on the simulation results. From the
final results, higher CO2 diffusion coefficient can improve the N2 enhanced gas drainage
efficiency. Specifically, at the end of the simulation, the CO2 percentage and the CO2
residual content are lower when the CO2 diffusion coefficient is higher. But at the
beginning of the simulation (from start to 6,000 minutes), in higher CO2 coefficient
simulation test, CO2 percentage is higher. This is one obvious difference from
permeability effects: in higher permeability case, the CO2 percentage and residual content
is always lower during the whole test. But for the higher CO2 diffusion coefficient case,
the CO2 percentage and residual content are higher at the beginning and lower at the final
stage.
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Figure 6.7 CO2 percentage variation against time and CO2 residual content variation
against time under different CO2 diffusion coefficient conditions
With the N2 injection process going on, the percentage of desorbed gas in the production
gas mixture increases and in the second stage, desorbed gas is the primary product. By
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comparing the results of permeability effects with CO2 diffusion coefficient effects, it can
be seen that these two parameters have different impacts on the N2 enhanced gas drainage
process: Permeability has effects on both stages and CO2 diffusion coefficient mainly
affects the second stage. For example, from the CO2 residual content curve in Figure 6.6,
it can be found the CO2 residual content is always lower in 0.1 mD test than that in 0.06
mD test. It means higher permeability contributes to the rapid drainage of coal seam gas.
As illustrated in the gas migration model, Darcy flow occurs in the first stage and
permeability is the key factor that governs the gas flow rate. Hence, in higher permeability
test, coal seam gas transports out of the coal seam faster. A larger CO2 partial pressure
difference occurs during the second stage. Based on the ideal gas low, CO2 concentration
difference occurs, which is the driven force for coal seam gas diffusion. As a result, in
higher permeability test, the CO2 residual content is lower. Different case is observed in
higher CO2 diffusion coefficient test, as show in the CO2 residual content curve in Figure
6.7. During the initial 10,000 minutes, the CO2 residual content is higher in 2.7e-9 m2/s
CO2 diffusion coefficient test than that in 2.7e-10 m2/s CO2 diffusion coefficient test.
From 10000 minutes to the test terminated, opposite trend is observed: Increasing the CO2
diffusion coefficient can reduce the CO2 residual content. With the increase of CO2
diffusion coefficient, the critical point between the first stage and the second stage is
becoming indistinct. In the first stage, with the original free phase CO2 is flushed out,
desorbed CO2 is immediately released from coal matrix. Hence, in the cleat system, CO2
percentage is higher in the first stage. In Stage-II, desorption is the governing factor. In
the higher CO2 diffusion coefficient test, CO2 is released more rapidly. As a result, the
CO2 residual content is lower. From the N2 enhanced gas drainage aspect, CO2 diffusion
coefficient has more significant impact on the second stage.
6.5.3. N2 diffusion coefficient
Figure 6.8 shows the N2 enhanced gas drainage results of different N2 diffusion coefficient.
Compared with the permeability effects and CO2 diffusion coefficient, N2 diffusion
coefficient has much smaller impacts on the enhanced gas drainage performance. From
the CO2 residual content curve, it can be found at 20,000 minute the difference of CO2
content is only 0.1 m3/t if the N2 diffusion coefficient changes from 3e-10 m2/s to 3e-11
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m2/s whilst this value changes approximately 3 m3/t if CO2 diffusion coefficient changes
from 2.7e-10 m2/s to 2.7e-11 m2/s. It can be concluded that N2 diffusion coefficient effects
can be neglected during the N2 enhanced gas drainage process. From previous study (Pini
et al., 2009; Tambach et al., 2009), it is well known that coal has a much larger adsorption
capacity of CO2 than that of N2. In our experiments, at 4 MPa pressure, the adsorption
volume of CO2 is approximately 25 m3/t while the adsorption volume of N2 is only 4.5
m3/t. The N2 adsorption impact is much smaller. Even though N2 diffusion coefficient
changes significantly, the impact on enhanced gas drainage efficiency is minor. In N 2
enhanced gas drainage process, N2 has more impact on flushing rather than replacement.
Few studies are conducted to investigate N2 enhanced gas drainage, but N2 enhanced coal
bed methane (N2-ECBM) process are well studied and several field trials have been
carried out (Pini et al., 2009; Reeves and Oudinot, 2004; Syed et al., 2013). In N2-ECBM
process, one feature is earlier breakthrough. Most of the injected N2 migrates through coal
seams and a small proportion of N2 is adsorbed onto coal matrix. The mechanism of N2ECBM is the occurrence of pressure difference of coal seam gas between coal matrix and
coal cleat. This pressure difference can promote the desorption process of adsorbed coal
seam gas. In this way, CBM is enhanced. From the permeability variation aspect, typically,
the permeability of the coal seam is increasing during the whole process, which can also
prove that the adsorption effect of N2 is minor. Similar effects exist in the N2 enhanced
gas drainage process. As a result, the N2 adsorption characteristics have minor impact.
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Figure 6.8 CO2 percentage variation against time and CO2 residual content variation
against time under different N2 diffusion coefficient conditions
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6.5.4. N2 injection parameters
Figure 6.9 shows the N2 enhanced gas drainage results of different N2 injection pressure.
N2 injection pressure has some effects on the results, but these effects are smaller than
permeability effects and CO2 diffusion coefficient effects. Specifically, from the CO2
percent curve, it can be seen CO2 percent at 20,000 minute is 2.3% for 5 MPa test and
3.1% for 4 MPa. This difference is minor. The difference of CO2 residual content is
approximately 1 m3/t between 4 MPa and 5 MPa tests. From these test results, it can be
observed that N2 injection pressure has an impact on the N2 enhanced gas drainage process,
but the drainage efficiency is not changing much. However, N2 injection pressure has
much influence on the gas breakthrough. Higher injection pressure can lead to an earlier
breakthrough (Bustin et al., 2016). Due to the limitation, in our simulation, the
relationship between injection pressure and gas breakthrough is not studied in this paper.
By changing the N2 injection pressure, different injection scenarios are simulated. We
conclude that these parameters do have impacts on the N2 enhanced gas drainage
efficiency, but these effects are smaller than that induced by the coal seam characteristics
changes. From N2 injection pressure aspect, a higher N2 pressure in the cleat will increase
the N2 diffusion from the cleat system to the coal matrix system. On one hand, as
illustrated previous, N2 adsorption onto the coal matrix has minor impacts on the N2
enhanced gas drainage efficiency. On the other hand, higher N2 injection pressure will
increase the flow rate in the cleat system. The CO2 molecular is transported out the coal
seam much faster than that in the lower N2 injection pressure conditions. In this way, the
diluted CO2 will form a larger concentration gradient and hence contribute to the
desorption of CO2 from coal matrix. Meanwhile, the higher N2 injection pressure leads to
an earlier breakthrough, which will increase the industrial costs to separate N2 and
methane in ECBM process. But in N2 enhanced gas drainage process, the flue gas is not
recycled and there is no need to consider this effect.
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Figure 6.9 CO2 percentage variation against time and CO2 residual content variation
against time under different N2 injection pressure conditions
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6.6. Discussion
In this study, the influence of the parameters of coal seam characteristics and the
parameters of N2 injection arts are investigated. Coal seam characteristics (coal seam
permeability and coal seam gas diffusion time/diffusion coefficient) play vital roles in this
process and will determine the field test success or failure. Recently Bustin et al (2016)
reported a failed N2-ECBM pilot trial. The primary reason is the extremely low
permeability of the targeted coal seam, and no breakthrough of N2 or methane was
observed from the production well.
Table 6.4 simulation tests at different permeability and CO2 diffusion coefficient
conditions
No.
1
2
3
4
5
6
7
8
9

Permeability
(mD)
0.1
0.1
0.1
0.01
0.01
0.01
0.001
0.001
0.001

CO2 diffusion
coefficient
0.1D0
D0
10D0
0.1D0
D0
10D0
0.1D0
D0
10D0

*D0 is the CO2 diffusion coefficient, its value is the same to that in model validation (2.7e10 m2/s). Other parameters such as N2 diffusion coefficient, N2 injection pressure and CO2
in situ pressure are the same to the model validation test (Test 2 in Table 6.2).
From the simulation results in this paper, we find how these parameters affecting the
performance of N2 injection enhanced gas drainage. Key parameters are identified and for
the field trial these parameters need to be well investigated. Meanwhile, during the
simulation process, we find the CO2 diffusion coefficient has different impacts on the
results when the permeability changes. For example, in relative high permeability test, the
N2 enhanced gas drainage efficiency changes significantly when the CO2 diffusion
coefficient changes while in the low permeability test, this effect is much smaller. The
Liebig’s law of the minimum can be used to illustrate the relationship between
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permeability and CO2 diffusion coefficient. It can be explained as the critical parameter
theory. Specifically, in a coal seam, if the coal seam permeability is very low, permeability
will be the critical parameter. Even though the CO2 diffusion coefficient is very high, the
N2 enhanced gas drainage efficiency is very low. Vice versa, in relative high permeability
coal seams, CO2 diffusion coefficient is the critical parameter. If the CO2 diffusion
coefficient very low, the N2 enhanced gas drainage efficiency is still very low in the high
permeable coal seams. In order to verify this theory, a series of simulation tests are
conducted with different permeability and CO2 diffusion coefficient, as summarized in
Table 6.4.
Figure 6.10 shows the CO2 residual content at different test conditions. It can be found
when permeability is high CO2 diffusion coefficient has a large impact on the curve. In
the low permeability test, the same changes of CO2 diffusion coefficient are applied to the
test conditions, but the results do not change much.
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Figure 6.10 CO2 residual content in different permeability and CO2 diffusion coefficient
test
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Figure 6.11 Permeability and CO2 diffusion coefficient effects to test result (at
9950minutes). (a) in different permeable seams, the increment of residual CO2 content
between different CO2 diffusion coefficients. (b) in different CO2 diffusion coefficient
test conditions, the increment of residual CO2 content between different permeabilities.
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In order to quantity these affect, at 9,950 minutes, the test results are plotted in Figure
6.11. It can be seen that in 0.1mD test, the CO2 residual content variation is approximately
1.8 m3/t when the CO2 diffusion coefficient changes one order of magnitude, whilst this
variation is only 0.25 m3/t in 0.001 mD tests. Similar trends are observed in the CO2
diffusion coefficient tests. With the decrease of CO2 diffusion coefficient, the effects of
permeability variation decrease. The simulation results verify the suitability of the
Liebig’s law of minimum to describe the permeability and diffusion efficient effects on
the N2 enhanced gas drainage efficiency. This theory provides guidance for field trial. The
characterization of coal seam is important. Not only permeability needs to be considered,
but also coal seam gas diffusion characteristics need to be investigated.

6.7. Summary
In this chapter, a model of binary gas migration in coal seams is developed and used to
investigate the N2 enhanced gas drainage efficiency in connection with laboratory studies.
Gas composition and residual gas content in the coal specimen are the parameters used to
evaluate the performance of the tests. The laboratory test results validated that this model
can be used to accurately describe the gas migration during N2 enhanced gas drainage
process. Different parameters including coal seam characteristics and injection methods
are studied to understand their effects on N2 enhanced gas drainage efficiency. The
following conclusions are drawn:
1. The binary gas migration model can be used to illustrate the gas migration during
the N2 enhanced gas drainage process. In comparison with the gas composition
and the CO2 residual content from laboratory tests, it can be observed that the
simulation results match the laboratory results well.
2. The effects of coal seam characteristics and N2 injection parameters on the N2
enhanced gas drainage efficiency are studied. It is observed that coal seam
permeability and CO2 diffusion coefficient play vital roles in this process and can
significantly affect the flushing performance. Better performances are observed in
higher permeability and higher CO2 diffusion coefficient tests. The N2 diffusion
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coefficient has slight impact on the performance and these effects can be
negligible.
3. N2 injection pressure and in situ CO2 content have impact on the efficiency to a
certain degree. Higher N2 injection pressure can improve the overall drainage
efficiency, and for seams containing higher in situ CO2 content, it takes longer
time to reach the threshold limit value.
4. The Liebig’s law of the minimum theory or the critical parameter theory can be
used to explain the relationship between different parameters, especially coal seam
permeability and the diffusion coefficient of coal seam gas. Specifically, in low
permeable coal seam, permeability is the critical parameter and the effects of other
parameters are marginal. Similarly, the diffusion coefficient of coal seam gas
becomes a critical parameter when its value is very low. N2 enhanced gas drainage
efficiency is mainly affected by this parameter.
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7. FIELD TRIALS OF UIS NITROGEN FLUSHING*
*This chapter is part of ACARP C24019 project that was leaded by the candidate’s principle
supervisor. The candidate’s contribution includes gas sampling, data acquisition in underground,
nitrogen source preparation and data analysis in the injection trials. The overall contribution of
the field experiments by the candidate is 30%.

7.1. Introduction
Coal seams in Australia often contain large volumes of gas with geological variations and
in many cases mixed gas conditions prevail where coal seam gas (CSG) consists of a
mixture of CO2 and CH4. The main coal bearing sequence of the Southern Sydney Basin
is the Late Permian Illawarra Coal Measures, which has a range in rank from high volatile
bituminous to low volatile bituminous with mean, maximum vitrine reflectance (VR)
values ranging from about 0.9 to 2.0%, as shown in Figure 7.1. The coal measures
comprise 11 named coal seams and the Bulli and Wongawilli coals are the most
extensively developed (Faiz et al., 2007b). Currently in the Southern Sydney Basin, there
exist several coal mines extracting the Bulli coal seam, such as Metropolitan Colliery,
Appin Colliery and Tahmoor Colliery. Gas pre-drainage work is required in most of these
collieries and in some areas, hard-to-drain areas were encountered during the development
of gateroads.
The Metropolitan Colliery is located approximately 30 kilometres north of Wollongong
in New South Wales NSW and the existing Metropolitan Colliery Major Surface Facilities
Area is located in the town of Helensburgh. The Metropolitan Colliery is one of the
earliest established and longest running coal mining operations exploring the Bulli seam
of Illawarra Coal Measures, which is the main coal bearing sequence of the Late Permian
Illawarra Coal Measures (Faiz, 1993). The coal measures comprise 11 named coal seams
of which the Bulli and Wongawilli coals are the most extensively developed and mined.
Other coals of potential economic value include the Balgownie, American Creek and
Tongarra seams (Faiz et al., 2007a). The coal measure sequence includes numerous
igneous intrusions ranging from Permian to Tertiary. Radiometric dating indicates that
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igneous activities occurred periodically with three peak episodes: at 250, 180 and 50
million years ago (Embleton et al., 1985; Facer and Carr, 1979). For the Bulli Seam, the
depth of cover is about 400 m to 540 m and the seam thickness is between 2.7 - 3.4 m.

Figure 7.1 A generalised stratigraphy for the Southern Sydney Basin (Faiz et al., 2007b)
As shown in the Figures 7.2 - 7.4, LW 27 is under mining operation currently (by 2016)
and new longwalls are planned. It was agreed during discussions with mine operators that
the trial site should be located in a non-or-less-disturbed area with in-situ seam gas
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conditions, with minimum impact on the normal mining activities. After careful site
observations and discussions, it was decided to conduct the trial in the triangle area
(Figure 7.3) between current LW27 and the future longwall 300 series panels.

Figure 7.2 Map showing major geological structures and regions of igneous intrusions
in the Illawarra Coal Measures (Faiz et al., 2007b)
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Figure 7.3 Layout of longwall panels in Metropolitan Colliery (by 2016)

Figure 7.4 Seam gas characteristics at Metropolitan Colliery – gas content variations
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Figure 7.5 Seam gas characteristics at Metropolitan Colliery – gas compositions
As shown in Figures 7.4 and 7.5, the gas content around the trial site varies, approximately
from 9 m3/t to 25 m3/t. CO2 is the primary gas in this area and methane content usually is
below 10%. As it can be seen in Figure 7.3 that extensive gas drainage boreholes have
been drilled in this area and much longer time is needed due to the high gas content and
CO2 composition, however there were still many verification cores (failed samples are
coded in red colour) with residual gas content above the TLV around this area. Previous
studies (Zhang et al., 2016a) and laboratory testing of coal samples from adjacent
longwall block (MG22 of LW22) showed that the seam permeability near this area ranges
from 0.01 to 1.8 mD. From laboratory tests, cylinder cores were obtained from different
locations in Metropolitan colliery, and the measured permeability ranges from 0.01 mD
to 3 mD under the testing conditions which are mimicking the underground in situ
environment. The Bulli seam permeability was measured using a method of injection and
falloff by other researchers and engineers, and average permeability in the range from
0.005 mD to 5.8 mD were reported (Black, 2011).
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Based on gas drainage experience on site and permeability studies, it was believed that
the proposed drilling area was a suitable trial site of high gas content in a tight and low
permeable seam condition.
After determining the trial scale, trial location, seam environment, borehole configuration
and the logistic organizations, field trial of nitrogen flushing was conducted at
Metropolitan colliery from April 11, 2016 to November 21, 2016. Two boreholes were
drilled. Nature gas flow was measured to calculate the seam permeability. Four stages of
nitrogen flushing were carried out and 10 bottle packs of nitrogen were injected into the
seam. The response from the production borehole was recorded using different measuring
methods. An uncertainty of analysing the trial results was found, which was from the
leaking problem of the production borehole. Positive results were demonstrated by this
trial.

7.2. Gas environment of the flushing area
According to the design, in April of 2016, two 36 m boreholes with 5 m spacing were
drilled at 11 c/t of roadway A of 300 Mains. Four cores were collected during drilling the
boreholes (two cores each borehole). The gas contents were measured at Gas Laboratory
of ILLAWARRACOAL (Gas content report refers to Appendix A). The values of Qt (total
gas content) are shown in Figure 7.6.
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Figure 7.6 Gas content test results from the drilled boreholes
It can be seen that the measured total gas contents are 3.89 m3/t, 5.45 m3/t, 3.87 m3/t and
5.17 m3/t, respectively. CO2 is the primary gas, which content is more than 99.8%, as
marked in Figure 7.6. The gas content increases with the distance from the coring location
to borehole 06031010_1A, which was previously drilled at March 6, 2013. This trend can
be easily understood as either the developed roadway or drilled borehole will provide a
flow force to the desorbed gas in coal cleat. Due to the previous gas drainage, the gas
content of the trial site is relatively low, and its value is around 3 – 5 m3/t.
The CO2 rich seam is difficult to drain because of the high gas content and strong affinity
between coal and CO2. As shown in Table 7.1 after 3 years of drainage, most part of the
gas content are Q3 (residual gas), which can be hardly drained. If this part of CO2 can be
flushed out by nitrogen, the nitrogen flushing technology will have an attractive
perspective. One of the test reports is given in below to illustrate the process of measuring
gas content. It can also be seen that the coal seam gas is mainly CO2, which percentage
reaches 99%.
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Table 7.1 Gas content test results of coal cores
Core
GME3244
GME3245
GME3246
GME3247

CH4%
0.18
0.19
0.18
0.18

CO2%
99.8
99.8
99.7
99.8

Q1
0.13
0.25
0.18
0.11

Q2
0.56
0.75
0.54
0.72

Q3
3.20
4.45
3.15
4.34

QT
3.89
5.45
3.87
5.17

Figure 7.7 Gas drainage map near the N2 flushing trial site
From Table 7.1, it can be seen that the percentage of Q3 accounts more than 80%. Due to
the gas drainage work done before the gateroad development, the gas content is below the
TLV (6 m3/t for pure CO2) and it is safe for workers working in this area. But from the
gas drainage map around the trial site, some red dots are easily observed, which means
the gas content is still above the TLV. Among these data, the maximum gas content is
16.7 m3/t, which means the gas content in virgin coal is much higher. It is also noticed
that there are no restrictions or structures existing near the trial site, which means gas
leakage from these channels is impossible and the site is suitable for N2 flushing test.
18 m standpipes were installed into both boreholes and cement was used to grout the
borehole to prevent gas leakage. However, reported by the mine workers, one of the
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boreholes (the one on the right side) was not grouted well. This issue was proved then in
the pressure test. Two pressure gauges were installed on both of the boreholes. After two
weeks of observation, a reading of 0.04 MPa could be seen on the left borehole, whilst no
pressure was observed from the other one. Considering the pressure of injection may
enlarge the fracture and induce additional leakage, the left borehole was decided to be
used as injection borehole and the right one would be the production borehole.

7.3. Trial site setup
Different kinds of nitrogen source were considered. Actually, before the nitrogen bottle
packs were transported to the trial site, liquid nitrogen tank was the first choice and the
following actions had been done:


Liquid nitrogen tank handling and transport induction was presented for UOW
researchers and Metropolitan mine workers at the mine site on July 6, 2016;



3 tanks of liquid nitrogen were delivered to the mine and a trial of transport was
conducted on July 27, 2016;



Due to the concerns of safety issue from the mine workers, the selection of nitrogen
sources was re-discussed and nitrogen gas bottle packs were decided to use to instead
of liquid nitrogen tank on September 7, 2016;



The handling of nitrogen pack (move, lay down and tip up operations) were discussed
between UOW researchers, mine engineers and Coregas engineers on September 14,
2016;



8 packs of 12-nitrogen bottle-pack have been delivered to the mine site on October
12, 2016;



Corresponding accessories were prepared and inspected by the mine mechanical
engineers.

After the nitrogen bottle packs were transported to the targeted area, the trial site was
isolated for safety concerns. The arrangement and related photos are shown below.
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Figure 7.8 Schematic diagram of site setup

Figure 7.9 Injection borehole and production borehole
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Figure 7.10 Nitrogen bottle packs

Figure 7.11 Trial site isolations
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Figure 7.12 Special-designed injection kit

7.4. Pre-planned program and the measurement of nature gas flow
Program was planned before the actions, including the step and work contents, assumed
nitrogen injection rate, balance of nitrogen pack.
As shown in table Table 7.2, the first step is to understand the field permeability and build
a benchmark for the nitrogen injection actions. Both production borehole and injection
borehole were opened to measure the nature gas flow using large range flow meters. Gas
flow in 40 hours was recorded as shown in Figure 7.13.
In consistent with the record of mine workers and the ‘0’pressure reading, there was no
gas flow can be observed from the production borehole, indicating the pressure leakage
may be severe. This issue could be a large problem for the trial as the injected nitrogen
and the flushed coal seam gas could flow to elsewhere rather than the borehole collar and
the flow meter. Ideally new boreholes should be drilled and the grouting procedure should
be conducted carefully. However, these actions were impossible because the drilling rigs
had been arranged to other actions.
Comparing with the ‘0’ flow production borehole, apparent flow was observed from the
injection borehole. After opening the valve (with a pressure reading of 0.3 - 0.4 bar), the
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flow started at around 150 l/min and drops quickly. After one day, the flow dropping
became slower and was stable at around 50 l/min, as shown in Figure 7.13.
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Figure 7.13 Nature gas flow data from injection borehole

Table 7.2 Pre-planned program of nitrogen flushing trial
Nitrogen
Day

Step and Work contents

injection

Balance

rate

(pack)

Note

(Pack/day)
UOW for the

Step 1 Setup benchmark: Open
1-2

production borehole while keep
injection borehole shut in, record gas

0

8

flow rate 2-4 times per shift
312

first shift
UOW for one
shift

Step 2 500 KPa Nitrogen injection:
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0.75

7.25

UOW for the
first shift

(1) connect nitrogen pack, flow meter

6.5

and injection assemble
(2) keep the ball valve of injection

5.75

borehole closed, open the main valve
of nitrogen pack, increase the outlet

UOW for one
shift
UOW for one
shift

5

pressure to the borehole pressure,

4.25

around 0.4MPa
7.5

(3) Open the ball valve to start
injection, carefully increase the

Transport 4
packs

6.75

pressure to 500 KPa

6

(4) Record nitrogen pack pressure,

5.25

injection and production rates and
collect gas sample from production

4.5

borehole 2 - 4 times per shift
Transport 4
6.9
Step 3 750 KPa Nitrogen injection:

17

for the first
shift

(1) Carefully increase injection
13-

packs UOW

pressure to 750 KPa

5.3

(2) Record nitrogen pack pressure,

1.6

injection and production rates and

3.7

collect gas sample from production
borehole 2 - 4 times per shift

6.1

UOW for one
shift
UOW for one
shift
Transport 4
packs

4.5
UOW for the

Step 4 1000 KPa Nitrogen injection:
1822

6.3

(1) Carefully increase injection
pressure to 1000 KPa

2.2

4.1
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Transport 4
packs

(2) Record nitrogen pack pressure,
injection and production rates and

first shift

UOW for one
shift

collect gas sample from production
borehole 2 - 4 times per shift

UOW for one
5.9

shift
Transport 4
packs

3.7
1.5
Step 5 Sampling to examine: drill a

23

UIS hole in the middle of the two

Drilling rig has

holes to take 3 samples at depth of 25

to be arranged

m,30 m,35 m to analysis gas content

in advance

and composition
Note:


The units of nitrogen injection rate and balance are in terms of nitrogen pack, the
calculation is based on numerical simulation and may be subject to change based
on field result



‘UOW for the first shift’ indicates the university researcher has to be on site for
the start shift of the step. ‘UOW for one shift’ indicates the university researcher
has to be on site for one shift during the day



‘Transport 4 packs’ indicates 4 packs have to be delivered to the site on or before
that day

Gas samples were also collected using sampling bag and the gas compositions were
analysed by Agilent 490 Micro-GC at UOW.
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(a)

(b)

Figure 7.14 Measurement of gas composition (a) sampling bag (b) Agilent 490 MicroGC
As shown in Table 7.3, the analysis results indicate that most part of the gas produced
from the borehole is CO2. This finding is in consistent with the two gas content test results
of the coal cores from production boreholes (Table 7.1), where the percentage of CO2 is
greater than 98%. Although no gas sample was collected from the production borehole, it
can be deduced that coal seam gas composition would not change in such a small distance.
Table 7.3 Gas composition of nature gas flow (AF=air free) from injection borehole
Sample/date

O2%

1/October 25

5.999

2/October 25
3/October 25
4/October 26

1.473
1.311
1.704

N2%
10.8
1
5.09
4.56
5.79

CO2%

CH4%

N2(AF)
%

CO2(AF)
%

CH4(AF)
%

83.035

0.159

0

99.800

0.191

91.225
91.702
92.203

0.171
0.17
0.181

0
0
0

99.813
99.815
99.804

0.187
0.185
0.196

7.5. Implementation of nitrogen flushing
Table 7.2 provides the pre-planned flushing program. According to this program, 8 packs
of nitrogen should be transported to the trial site and another 20 packs should be supplied
during the trial. However, after discussing with the mine manager, the transport of
supplementary nitrogen packs could not be achieved. In that case, the actual flushing plan
was divided into 4 stages and the actions during each action are summarized here:
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October 27: Nitrogen injection Stage-One, 2 packs (around 600 m3) were injected,
large and middle flow meters were used, only gas samples were collected from
production borehole, another gas sample was obtained after 4 hours of stopping
injection. Nitrogen injection started from 8.40 am, and stopped at 3.00pm. During
the injection process, the nitrogen injection pressure was between 1,000 KPa and
1,500 KPa;



November 07 : Nitrogen injection Stage-Two, one and half packs (around 450 m3)
were injected, small, middle flow meters and Q1 kit were used, gas flow between
0 - 1.5 LPM was measured, gas samples were collected during injection. Nitrogen
injection started at 8 am and stopped at 2.25 pm;



November 15 : Nitrogen injection Stage-Three, water inflation packer was used to
seal the production borehole, five and half packs (around 1,650 m3) were injected,
small and large flow meters and gas sample bag method were used to measure
production gas flow, gas samples were obtained continuously until next stage of
injection;



November 21 : Nitrogen injection Stage-Four, water inflation packer was used to
seal the production borehole, one pack (around 300 m3) was injected, gas sample
bag method was used to measure production gas flow, gas samples were obtained
during injection.
7.5.1. Nitrogen flushing Stage-One

Appendix B gives the event log record of flushing Stage-One. The actions, corresponding
time, nitrogen pack outlet pressure, nitrogen pack pressure, injection flow meter reading,
gauge pressure on injection borehole and the observation production flow were recorded.
Although the nitrogen pack outlet regulator and pressure gauge on injection borehole are
connected by a high pressure rating hose, the two reading were different because the high
resistance of the hose under high flow rate. At high injection pressure, the nitrogen flow
exceeded the reading range of flow meter, thus the pressure of the nitrogen pack was
recorded to back calculate the injection flow rate.
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As can be seen from Appendix B, the flushing test was started at a small injection pressure
and flow rate (187 LPM). However, gas leakage was found on the standpipe connection
after 5 minutes. The problem was fixed and injection was restarted after about 80 minutes.
Since no flow can be observed at production borehole and there was no pressure response
on injection borehole either, the injection flow rate was gradually increased. At 11.25,
after 80 minutes’ injection, around 150 KPa pressure was observed on injection borehole
and the pack pressure dropped about one third. After that, the nitrogen pack outlet pressure
was kept between 1,000 - 1,500KPa and the injection went for another 80 minutes, the
pressure on injection borehole increased to 350 KPa. Since there was still no flow reading
from the production borehole, flow meter was disconnected and water was found from
the hose connecting production borehole standpipe and flow meter. However, even the
water was removed, no reading could be seen from the flow meter, while small flow can
be felt by hand if the standpipe was open. It was suspected that either the flow was smaller
than the lower limit of the flow range (3 LPM), or the borehole could not bear any pressure
to start the reading, which is because the severe leakage problem. After the first nitrogen
pack run out, anther pack of nitrogen was injected into the seam in the following 2 hours,
the maximum injection pressure at the borehole collar was 400 KPa.

Figure 7.15 Change of gas composition with respect to time for Stage-One (start from
the first sample, X axis is time, minute)
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Table 7.4 Analysis result of the composition of gas samples for Stage 1
Time
after
injection
(minutes)

Sample
NO.

12:47

0

Sample1

13:10

23

Sample2

13:30

43

Sample3

13:43

56

Sample4

13:55

68

Sample5

14:10

83

Sample6

14:20

93

Sample7

14:30

103

Sample8

14:40

113

Sample9

14:50

123

Sample10

15:00

133

Sample11

19:00

373

Sample12 Round1 2.858 43.971 49.646

Time

Round
1 or 2

As received (%)
O2

N2

CO2

CH4

Round1 2.023 49.739 43.725 0.048

49.105

50.839

0.056

Round2 2.748 50.927

41.71

0.047

49.379

50.564

0.057

Round1 6.898 58.802

29.86

0.032

52.629

47.320

0.051

Round1 4.351 57.858 33.472 0.037

55.455

44.496

0.049

Round2 1.533

40.226 0.044

54.462

45.488

0.050

Round1 7.392 64.323

24.47

0.027

60.100

39.856

0.044

Round1

2.85

60.37

32.42

0.033

60.543

39.417

0.040

Round2

2.76

60.221 32.966 0.033

60.233

39.727

0.040

Round1 0.792 60.363 34.548 0.033

62.414

37.550

0.036

Round2 0.691 60.222 34.924 0.034

62.255

37.708

0.037

Round1 0.465 60.923 34.274 0.033

63.310

36.655

0.035

Round2 0.527 61.147

0.033

63.521

36.444

0.035

Round1 1.407 62.777 32.051 0.031

64.210

35.756

0.035

Round2 1.402 62.618 31.948 0.031

64.228

35.738

0.035

Round1

0.03

65.119

34.847

0.034

Round2 1.436 62.232 31.072 0.031

64.659

35.306

0.035

Round1 1.319 63.342 31.445

0.03

64.998

34.969

0.033

Round2 1.328 63.298 31.259 0.031

65.102

34.863

0.035

Round1 1.832 63.349 30.786 0.031

64.728

35.237

0.035

Round2 1.804 63.329 31.009 0.031

64.597

35.368

0.035

40.157

59.747

0.096

1.46

N2

53.85

63.28

CO2

Normalized & Air free (%)

33.96

30.964

CH4

0.08

Although the flow meter didn’t work and the production flow data was not available, gas
samples from the production borehole were still collected. These data would be useful to
understand what kind of gas was producing from the borehole and whether nitrogen flew
from the injection borehole to the production borehole. Table 7.4 and Figure 7.15 show
the gas composition of the produced gas from 12.14 to 19.00. Figure 7.15 does not include
another sample which was collected at 19.00, 4 hours after stopping injection. It contains
59.7% CO2. It can be easily seen that with the flushing going, the CO2 percentage drops
quickly while the nitrogen percentage increases in opposite trend. This means the injected
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nitrogen flowed through the injection borehole to the production borehole and some CO2
was successfully flushed out. Even the injection was stopped at 15.00, the gas flow lasted
at least 4 hours and another sample was collected. Comparing with the sample with 35%
CO2 collected at 15.00, the sample collected at 19.00 has 59% CO2.
From the obtained data and the above analysis, following findings can be concluded from
flushing Stage-One:


The injected nitrogen can definitely flows through one borehole to another. For high
permeability seam, the break through time could be in term of hours.



About 300 m3 nitrogen was injected into the seam in 5 hours. The supply of nitrogen
would be a big issue for the technology, and the utilization of nitrogen bottle packs
is not suitable for large scale application.



The injection and production have a hysteresis effect, it takes some time to observe
the response at the production borehole, and even if the injection is stopped, the
flushing effect will last for a while.



In the first injection, gas flow was monitored at the production borehole after 30
minutes. We conclude that the permeability of the coal seam is relative high. For high
permeability seam, the injected nitrogen can easily flushed out the free CO2 in cleat
system, but the CO2 percentage drops quickly, indicating the desorption rate becomes
a constraint of the flushing effect. It reminds us that even nitrogen can break through
to the production borehole and it will still take longer time for CO2 to desorb and
diffuse to the fracture.
7.5.2. Nitrogen flushing Stage-Two

The two nitrogen packs transported to the trial site run out quickly in the first flushing
stage, and then it took about 10 days to pick up the two empty packs and transport anther
8 packs. On November 7, the second stage of nitrogen flushing was carried out. As the
first flushing stage had proved the flowing ability from one borehole to another, this stage
focused on the impact of injection pressure on the injection flow and production response.
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Because the large flow meter could not measure the production flow, a small range flow
meter was used. The event log record of flushing Stage-Two is given in Appendix B.
Impacted by the injection pressure, the flow meter readings have to be calibrated to get
the real injection flow, the calibration function is given in Eq.7.1 and the typical correction
ratio β is shown in Table 7.5.
p ×T

Q2 = Q1 √p1 ×T2
2

(7.1)

1

where: Q1 =Observed flowmeter reading
Q2 =Standard flow corrected for pressure and temperature
p=pressure, (14.7+reading (psi))
T=Temperature (460 R+tem℉)
Table 7.5 Correction ratio β: Q2 = βQ1
15℃
1.42
15℃
2.01
15℃
2.46

100 KPa
10℃
1.44
300 KPa
10℃
2.03
500 KPa
10℃
2.48

5℃
1.45

15℃
1.74

5℃
2.05

15℃
2.25

5℃
2.51

15℃
2.66

200 KPa
10℃
1.76
400 KPa
10℃
2.27
600 KPa
10℃
2.68

5℃
1.77
5℃
2.29
5℃
2.71

When the injection flow is out of the range of flow meter, the values are back-calculated
from the changes of pack pressure. Table 7.6 gives the transfer of field flow meter reading
and pack pressure to the calibrated injection flow.
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Figure 7.16 Measurement of injection flow

Figure 7.17 Injection flow rate at different injection pressure
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Figure 7.17 shows the injection flow rate with respect to time at different injection
pressure. It can be seen that the average flow rate is greater at higher injection pressure,
which can be easily understood. At each stage, the flow rate drops with injection going,
the higher the injection pressure is, the quicker the flow drops. At 100 KPa injection
pressure stage, the flow rate became stable after 80 minutes’ injection, while the values
were still dropping at 250 KPa and 350 KPa injection pressures.
As recorded in Table 7.6, no gas was produced with 100 KPa injection (measured by small
flow meter). Production flow was found at 0.6 LPM after half hour of 250 KPa injection,
then increased to 1 LPM in 10 minutes and exceeded the upper limit of small flow meter
(1.5 LPM) in another 10 minutes. However, neither middle flow meter (1-20 LPM) nor
Q1 kit was able to measure the produced gas flow. This phenomenon prove that the
borehole could not bear enough pressure to start the reading of middle flow meter and Q1
kit, otherwise the real flow had already beyond the lower limit of middle flow meter.
Four gas samples were collected during the injection, the collection time is marked as the
yellow dots in Figure 7.18. The change of CO2 percentage is shown in Figure 7.19.
Comparing to last sample collected on October 27, 2016, the first CO2 percentage
recovered from 59% to 77%. The value dropped with injection going, similar to the
findings from flushing Stage-One.
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Figure 7.18 Time of collecting gas samples (yellow dots)

Table 7.6 The calculation of real injection flow
Injection
Borehole
pressure
(bar)

Flow
meter
pressure
(bar)

1.1
1.3
1.2
1.2
1.2
1.2
1.2
2.7
2.47
2.8
2.81
2.8
2.8
2.4
2.8
3
3.2
3.35

2.575
2.6
2.4
2.4
2.27
2.27
2.27
5.52
5.35
5.6
5.48
5.47
5.1
5.3
5.6
6.25
6.4
6.63

Injection
Flow
meter
reading
(L/min)
190
170
130
120
120
110
110
370
360
350
330
300
-

Injection flow
(corrected)
(L/min)

Gas bottle
pressure
(MPa)

Calculated
injection
flow
(L/min)

311.46
280.02
205.73
189.91
184.9
169.49
169.49
874.47
870.29
837.19
788.81
692.1
-

28
27
25
23.5
22.7
21.5
21
16
14.5
12.5
9.5
6.5
3.5
29.5
26
22
21
18

311
281
206
190
184
169
169
1066
1142
820
800
800
800
1,333
1,244
1,066
1,066
1,066

-
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Figure 7.19 Change of CO2 percentage
From the obtained data and the above analysis, following findings can be concluded from
flushing Stage-Two:


The injection flow rate is in proportion to the injection pressure.



For a stable injection pressure, the flow rate drops and becomes stable with the
injection continuing.



100 KPa may not be large enough to kick off the production, but the reason could be
due to the leakage problem.
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7.5.3. Nitrogen flushing Stage-Three

Figure 7.20 Water inflation packer
On November 11, the nitrogen flushing Stage-Three was conducted. The largest volume
of nitrogen (five and half packs, around 1,650 m3) was injected into the seam, making this
stage the biggest scale in this field trial. Because it was found that the leakage of
production borehole was a huge issue of measuring the produced gas flow, water inflation
packer was used. The packer (1.5 m) was pushed to 24 m position from the drilling collar,
left 12.5 m open borehole to avoid the possible leakage at the junction area between the
end of standpipe and coal seam.
The Event log record of flushing Stage-Three is given in Appendix B. Same parameters
with previous stages were recorded during the flushing. In Stage-Three, multi-pressures
flushing were conducted and the maximum injection pressure with the current nitrogen
source configuration was 4.5 bar.
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Figure 7.21 Collection of gas sample from water inflation packer
It can be seen from the table that with high injection rate, nitrogen consumed quickly and
the nitrogen pack needed to change over frequently. It was very hard to keep the injection
pressure at a stable level, epically when the pressure injection was high. For maximum
flow injection, although the regulator on the nitrogen pack was opened to the maximum,
the injection pressure still lower than 460 KPa, indicating the output flow rate of the
current nitrogen source configuration became the constraint of enhancing injection
pressure.
Figure 7.22 shows the injection pressure at different stages and the corresponded injection
flow rate. The calculation method of the flow rate is the same as flushing Stage-Two. The
readings of the flow meter are calibrated according to the pressure and when the flow rate
exceeds the upper limit of the large flow meter, the flow rate is back calculated from the
change of pack pressure. It can be seen from Figure 7.22 that at low pressure stage (lower
than 300 KPa), the flow rate drops with the injection continuing. At the early high pressure
injection stage, it was hard to keep the pressure at a stable level as the pack pressure drops
quickly. The flow rate varied a lot with the similar trend of the injection pressure.
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However, the injection pressure became stable during the injection of last two packs of
nitrogen, and it can be clearly seen that the injection rate dropped quickly.

Figure 7.22 Comparison between injection pressure and the injection flow rate at
different steps
As for the measurement of production flow, although the water inflation packer was used,
the middle range flow meter with a steel ball to indicate the reading was not able to be
kicked off. This means the leakage locations is not, or at least not only, from the junction
area between the end of standpipe and coal seam. After the production flow exceeding the
upper limit of small range flow meter (1.5 LPM), the sample bag method was used to
estimate the production flow. The time required to fill up the 4 L sample bag was recorded
and the procedure was repeated twice to check the accuracy. It can be seen that apart from
gas sample 10, the repeatability of the sampling times is very good. After 9 hours’
injection, the large flow meter was put on and the reading started to exceed the lower limit
(30 LPM).
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Figure 7.23 Comparison between injection pressure and the production rate

Figure 7.24 Comparison between the production rate and CO2 composition
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Table 7.7 Analysis results of gas composition from flushing Stage 3

Time

Sample
NO.

12:15

sample1

13:30

sample2

13:45

sample3

14:00

sample 4

14:30

sample5

15:00

sample6

15:20

sample7

16:10

sample8

16:30

sample9

17:00 sample10
17:20 sample11
17:45 sample12
18:05 sample13
18:35 sample14
19:00 sample15
19:30 sample16
20:00 sample17

As received (%)

Round

Normalized & Air free
(%)
N2
CO2 Methane

O2

N2

CO2

Methane

Round 1

2.363

47.42

46.87

0.061

45.164 54.765

0.071

Round 2
Round 1

2.344
2.051

47.249
54.933

46.181
39.17

0.061
0.048

45.466 54.462
54.683 45.261

0.072
0.055

Round 2
Round 1

2.037
2.628

54.87
56.433

39.411
36.957

0.048
0.045

54.526 45.419
55.784 44.162

0.055
0.054

Round 2
Round 1

2.638
1.29

56.599
56.18

36.698
39.039

0.045
0.046

56.025 43.921
56.802 43.147

0.054
0.051

Round 2
Round 1
Round 2
Round 1
Round 2
Round 1
Round 2
Round 1
Round 2
Round 1

1.26
0.725
0.711
1.755
1.753
1.13
1.11
1.128
1.132
1.28

56.116
57.69
57.577
60.763
60.844
65.05
64.39
67.772
67.696
66.293

38.97
37.95
37.97
33.789
33.583
31.14
31.638
28.551
28.63
29.482

0.046
0.043
0.043
0.037
0.037
0.031
0.032
0.028
0.028
0.031

56.868
59.144
59.105
61.595
61.778
66.129
65.554
68.992
68.902
67.589

43.081
40.809
40.849
38.363
38.180
33.837
34.411
30.978
31.067
32.377

0.051
0.046
0.046
0.042
0.042
0.034
0.035
0.030
0.030
0.034

Round 2
Round 1
Round 2
Round 1
Round 2
Round 1
Round 2
Round 1

1.272
0.661
0.672
0.589
0.809
0.584
0.583
0.543

66.356
69.26
69.291
70.943
70.929
70.699
70.766
70.19

29.391
27.559
27.345
26.077
26.072
26.241
26.281
26.726

0.031
0.026
0.026
0.024
0.024
0.024
0.024
0.026

67.689
70.776
70.934
72.484
72.245
72.294
72.284
71.818

32.277
29.196
29.038
27.490
27.729
27.681
27.691
28.154

0.034
0.028
0.028
0.025
0.026
0.025
0.025
0.027

Round 2
Round 1

0.563
0.633

70.27
72.239

26.706
24.539

0.026
0.022

71.835 28.137
73.996 25.981

0.027
0.023

Round 2
Round 1
Round 2
Round 1
Round 2
Round 1
Round 2

0.618
2.995
3
2.746
2.774
2.95
2.952

72.435
74.451
74.525
73.849
73.852
74.912
74.98

24.636
20.495
20.442
21.317
21.307
20.167
20.205

0.022
0.019
0.019
0.02
0.02
0.019
0.018

73.990
75.536
75.600
74.897
74.876
76.013
75.997

0.023
0.023
0.023
0.024
0.024
0.023
0.021
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25.987
24.441
24.378
25.079
25.100
23.965
23.982

Figure 7.23 shows the comparison between injection pressure and the production flow.
The methods used to measure the production rate are marked. The last value from small
flow meter was quite close to the first value from sample bag method, illustrating the
accuracy of this method. At pressure steps 2 and 3, the production rate increased slowly,
similar to the trend of injection flow rate. Coming into step 4, the maximum flow injection
step, the production rate increased sharply and then became stable at the late stage (30 35 LPM). 17 gas samples were collected during flushing Stage-Three, the gas
compositions were analysed and the results are shown in Table 7.7. The Comparison
between production rate and CO2 composition is depicted in Figure 7.24.
As can be seen from Figure 7.24, with increasing production rate, the CO2 composition
kept dropping. The whole trend can be divided to three stages: at early stage, the flow rate
increased slowly (from 1 LPM to 5 LMP), while the CO2 percentage dropped quickly
(from 55% to 33%); at middle stage, both the flow rate and CO2 percentage become
relatively stable; at the late stage, although the production rate had an apparent increase,
the reduction of CO2 percentage was much slower (from 28% to 25%).

Figure 7.25 Comparison between the pure CO2 production rate and injection pressure
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Figure 7.25 shows the trend of injection pressure and pure CO2 production rate with
respect to time. It can be seen that the with the injection going, the pure CO2 production
rate grew with a clear stage trend. The larger the injection pressure is, the greater the CO2
production rate is. In each stage, the pure CO2 production rate is stable. Comparing Figure
7.24 and 7.25, although the CO2 percentage dropped with increasing injection pressure
and time, the pure CO2 production rate did not decrease.

Figure 7.26 Subsequent production rate and gas composition after stopping injection
After stopping injection, the production flow lasted for 5 days and apparent flow was still
observed before next injection stage. Figure 7.26 gives the subsequent production rate and
gas composition after stopping injection, it can be seen that without injection, the
production rate dropped quickly from 53 LMP to 3 LPM, but the CO2 percentage
increased sharply from 50% to greater than 90%. It should be noted that the injection only
lasted for 10 hours, while the last sample was collected after 5 days, strong post flushing
effect was observed.
From the obtained data and the above analysis, following findings can be concluded from
the third flushing stage:

221



The connection and configuration of nitrogen source is of great importance to the
application of nitrogen flushing. Although a single nitrogen bottle pack can provide
about 300 m3 nitrogen and 30 MPa pressure (in the beginning), the volume is still
small for the field scale, and the maximum injection pressure may be constrained by
the nitrogen source.



The more the injected nitrogen is, the stronger the flushing hysteresis effect is. The
borehole with 0 production flow can still produce gas after 5 days of stopping 10
hours’ injection, indicating the nitrogen flushing makes great influence on enhancing
the gas drainage efficiency.



Although the desorption rate became a constraint for the produced CO2 percentage,
the higher the injection pressure is, the greater the pure CO2 production rate is. The
increased injection pressure can not only stimulate the mixed production rate, but also
stimulate the desorption rate.
7.5.4. Nitrogen flushing Stage-Four

The fourth step of injection was conducted on November 21 to finish off the left over
pack & test pulse injection. The event log record of flushing Stage Four is given in
Appendix B. The gas bag sample method was used to measure the production gas flow, a
pulse injection was operated.
Figures 7.27 and 7.28 show the change of production rate and CO2 percentage during
pulse flushing. It can be seen that although the injection was conducted periodically, the
production rate did not drop during the stage. Moreover, the CO2 percentage became very
stable during the pulse flushing.
Comparing to the third injection stage, very high percentage of CO2 was produced in the
beginning of injection, indicating most of the injected nitrogen did not stay in coal seam.
Considering the proneness of gas outburst induced by nitrogen is way smaller than that of
CO2, the chance of nitrogen outburst will be negligible.
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Figure 7.27 Comparison between the injection pressure and production rate
Pulse flushing stage

Figure 7.28 Comparison between the production rate and CO2 percentage
From the obtained data and the above analysis, following findings can be concluded from
Stage Four: The pulse flushing method has its own potential because it will provide extra
desorption time for the coal seam. Thus it can avoid the waste of nitrogen and enhance
the flushing efficiency. If the coal seam gas (such as methane) percentage has to be
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controlled at a high level for utilization, the parameter of pulse flushing need to be
investigated to ensure both high flushing rate and high gas composition.

7.6. Drilling and coring for post-nitrogen injection trial
The purpose of the proposed drilling and coring plan is to understand the impact of the
completed nitrogen flushing on gas contents around the trial area. By carrying out this
step, the gas content contour in the injection influencing area can be established and the
Injected N2
Flushed CO2

displacement ratio can be evaluated. This step is of great importance to the

completion of this nitrogen injection trial.

Figure 7.29 Drilling and coring plan for N2 flushing field trial
The nitrogen flushing actions have reduced the CO2 content/pressure around the injection
& production boreholes, however after the stop of nitrogen flushing, coal seam gas in
deeper seams will flow to this low content area and then affect the accurate evaluation of
flushing effects. The schematic diagram of drilling and coring plan is shown as below.
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The cores need to be collected from middle of coal seam and the gas content needs to be
measured using the Q1 kit and routine gas content measurement method.
However, due to the limitation of drilling rig and schedule of the mining activities, only
one borehole was drilled in the middle of the coal seam between the injection borehole
and the production borehole. Two gas samples were collected and the gas content and
composition was analysed by the gas lab, the coring location as shown in Figure 7.29.
The gas content and gas composition reports are shown in Appendix C.
Table 7.8 summary of gas composition after N2 flushing

Q2
Q3

O2
16.5
15

As received basis (%)
N2
CH4
CO2
65.2
0.17
17.5
59.7
0.04
24.6

others
0.63
0.66

Air free basis (%)
N2
CH4
CO2
17.61
0.79
81.61
13.51
0.14
86.35

It can be seen that the residual gas content is 2.90 m3/t after N2 flushing. Compared with
the nearest gas sample (sample NO. GME 3244), the gas content has dropped from 3.89
m3/t to 2.9 m3/t. The Q3 still account for the largest part of the total gas content (79%).
Without considering the re-charging of the gas reservoir after flushing (almost 12 months
span), it is clear that the N2 flushing has a significant effect on the gas reduction. For air
free basis, the N2 percentage in Q2 and Q3 are 17.61% and 13.51%, respectively. After the
N2 field trial, a small part of the injected N2 is stored inside of the coal seam. CO2 is still
the primary gas in the coal seam (more than 80%). The significance of the flushing is that
the N2 injection can reduce the gas content that is mostly, in this case, the residual gas (or
Q3) after regular gas drainage work, and even by a marginal drop, it could mean a failed
or passed sample in the management of coal and coal outburst during gateroad
development.

7.7. Summary
This chapter reported the details of the nitrogen flushing field trials at Metropolitan
Colliery. The trial site, initially believed to be highly gassy and less permeable, has been
subjected to the influence of gateroad development of the 300 Mains, and adjacent gas
drainage holes. A relatively low gas environment with almost pure CO2 was found
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according to the gas content test results. Nevertheless, after further discussions with
project mentors and engineers on site, it was decided to proceed with the proposed trials.
Of the drilled two boreholes, one was found to have a severe leakage problem, which
subsequently presented troubles for the accurate measurement of production gas rate and
the matching of field results. The nature gas flow from production borehole was measured,
and then a four-stage of nitrogen flushing program was conducted. In total about 3,000m3
nitrogen was injected into the seam and the following learnings were concluded from the
trial results:


The injected nitrogen can flow through the targeted coal seam from the injection
borehole to the production borehole. A kick-off or break-through pressure is required
and it takes some time (break-through time) to observe the response at the production
borehole; a post flushing effect has been observed after the stoppage of nitrogen
injection.



Generally the injection flow rate is in proportion to the injection pressure, while for
a stable injection pressure, the flow rate drops and becomes stable with the injection
continuing.



For high permeability seam, the injected nitrogen can easily flush-out the free CO2 in
cleat system, but the CO2 percentage drops quickly, indicating the desorption rate
becomes a constraint of the flushing effect at late stage.



Although the desorption rate is a constraint for the produced CO2 percentage, the pure
CO2 production rate still remains greater at higher injection pressure; The pulse or
cyclic injection method appears to have a better flushing efficiency, however the
optimum injection mode (pressure & pulse interval) requires further studies.



The connection and configuration of nitrogen source is of great importance to the
application of the nitrogen flushing technology. Large scale of trial would require
sufficient nitrogen supply and more robust and high pressure rated connection
pipelines.
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8. RESERVOIR SIMULATION OF NITROGEN FLUSHING
8.1. Introduction
In this chapter, numerical simulations are carried out using COMSOL Multiphysics, a
powerful tool to solve the binary gas migration model illustrated in previous chapter. The
gas content evaluation can be clearly visualized in the nitrogen flushing process. The
performance of regular gas drainage and nitrogen injection flushing is compared from
different aspects, such as the gas drainage required time, gas flow rate, coal seam
permeability evolution etc. Meanwhile, the sensitivity of the nitrogen flushing is analysed
by numerical simulations. The performance of nitrogen flushing is compared under
different testing conditions, including the characteristics variation (such as coal seam
permeability), injection parameters (such as nitrogen injection pressure, borehole space
between injection borehole and the production borehole, borehole diameter, borehole
patterns). Permeability is one of the vital parameters that governs the gas flow in the coal
seam as such its impact on nitrogen flushing process needs to be better understood.

8.2. Model validation with field observation
According to the field observations, the following assumption can be made:
1) Gas pressure around the production hole is low (nearly atmosphere pressure), because
no gas flow was monitored here;
2) Gas pressure on the right hand side of injection hole is relatively high, otherwise the
gauge reading (0.3 - 0.4bar) cannot be measured;
3) Gas pressure increases from production borehole to injection borehole to reach
balance after five months of shut-in;
4) Based on the above assumptions, simulation parameters were adjusted to match nature
gas flow and production flow for the third injection trial. Below are the measured and
back-calculated values for simulation:
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Langmuir volume of CO2: 30m3/t (Lab measurement)



Langmuir pressure of CO2: 0.75 MPa (Lab measurement)



Langmuir volume of N2: 12 m3/t (Lab measurement)



Langmuir pressure of N2: 3.5 MPa (Lab measurement)



T: 294 K (Field measurement)



Cleat porosity: 0.035



Permeability: 30 mD*

* Due to the complex field conditions and the borehole leakage, the permeability was
adjusted to best fit the simulation results with the field observations in the model
validation process. It was found that the permeability value used in the simulation work
was almost ten times larger than expected (in the simulation, permeability was 30 mD;
initially, we regarded the targeted coal seam permeability as 4.8 mD).
This model was validated through simulations. The natural gas flow of the borehole before
nitrogen injection was simulated by using the above parameters and the simulated flow
rates were compared with field observations. A good match was obtained by adjusting the
permeability to 30 mD. From Figure 8.1, it can be seen that gas flow rate drops sharply
in the first two hours once the borehole valve was opened. After 50 hours, the flow rate
was still above 40 L/min. The free phase gas can be easily flow out of the borehole under
the gas gradient that is monitored from the pressure gauge.
Then, it is compared the simulation results with the third injection trial from gas
production rate and gas composition aspects, as shown in Figures 8.2 and 8.3. The
parameters of the coal seam geology were not changed but nitrogen injection pressure
was applied at one borehole. From the comparison, some differences can be found
between simulation results and field observation. The values of simulated and measured
production flow rates are not at the same order of magnitudes, but they do have a similar
trend. The simulated gas flow rate is much higher than the field observations. There are
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two main reasons can be made. The nitrogen injection pressure was constant for
simulation. Specifically, in the simulation, the nitrogen injection pressure was set as:
150 KPa (0-150 minutes), 250 KPa (150-450 minutes) and 400 KPa (450-600 minutes),
which was different from the field trial. For field test, the injection pressure was controlled
by the gas bottle and was difficult to keep constant, as shown in Figure 7.22. The injection
pressure dropped with the reduction of pack pressure. When the nitrogen pack was
depleted, the change of nitrogen pack took some time, thus the production flow may
smaller than expected. Another reason is the leaking problem of the production borehole.
Gas flow out the coal seam through the fractures near the borehole and the gas flow
reading by the flow meter was only accounted for a part of the total flow. Even though
there exists some differences between simulation and field observations, this model can
reasonably explain the nitrogen flushing process. The main purposes of this chapter are
to investigate the different parameter’s influences on nitrogen flushing process and this
model can be used for simulation.
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Figure 8.1 Simulated and measured value of natural gas flow before nitrogen injection

229

Figure 8.2 Measured and simulated CO2 percentage variation

Figure 8.3 Measured and simulated production gas flow
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8.3. Comparison between regular gas drainage and nitrogen injection
enhanced gas drainage
The model geometry is shown in Figure 8.4. The model represents 15 m long coal seam
with a thickness of 3 m.

Figure 8.4 Configuration of the simulation model and drainage boreholes
Two in seam boreholes are built with the diameter of 96 mm and the space between these
two boreholes is 5 m. To evaluate the gas drainage/ flushing efficiency, an evaluated point
is plotted at the middle of borehole space. Moreover, a monitoring line is also plotted
from the left boundary of the model to the right boundary. The gas content at this line can
be used to characterize the gas variation. A comparison is made between regular gas
drainage and the nitrogen injection enhanced gas drainage. The in situ CO2 gas pressure
is 4 MPa, approximately 25 m3/t. the permeability of the coal seam is 0.18 mD. In the
regular gas drainage process, both borehole 1 and borehole 2 are used as the drainage
boreholes. For nitrogen injection enhanced gas drainage process, borehole 1 is used as the
injection hole and borehole 2 is used as production. The injection pressure used in this
simulation is 4 MPa.
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(a) After 2 days’ drainage; b) After 3 days’ drainage; c) After 6 days’ drainage; d) After
15 days’ drainage.
Figure 8.5 Contour of CO2 residual content at different time (m3/t).
Figure 8.5 shows the contour of CO2 residual content at different times in different
scenarios: regular drainage and nitrogen enhanced gas drainage. It can be found that the
CO2 content is symmetric in the regular drainage case. The CO2 content is lower at the
location close to the drainage borehole. With the distance to the borehole boundary
gradually increased, the CO2 content increases as well. At the middle point of the borehole
space, the CO2 content is the highest. However, in the nitrogen flushing case, the observed
drainage effects are way different. The CO2 content is much lower near the production
borehole rather than near the injection borehole. With the injection going, the low CO 2
content area expands from the injection borehole to the production borehole.
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(a) Regular drainage. (b) Nitrogen enhanced gas drainage.
Figure 8.6 CO2 residual content curves on the monitoring line AB.
In order to quantify the gas drainage efficiency, the residual CO2 contents on the
monitoring line AB at different time are plotted in Figure 8.6. During the regular drainage
case, as shown in Figure 8.6(a), the CO2 content near the drainage borehole drops quickly.
The highest CO2 content point appears at the middle point between the drainage boreholes.
Totally different curves are observed in nitrogen enhanced gas drainage case, as shown in
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Figure 8.6(b). Between Borehole 1 and Borehole 2, the peak of the CO2 content moves
from the injection borehole side to the production borehole side. If the CO2 content of 5
m3/t is used as the Threshold Limit Value (TLV), after 15 days’ injection, the peak of CO2
content can be dropped below the TLV while it takes almost 45 days to obtain the same
effect for regular gas drainage.
Figure 8.7 shows the comparison of CO2 content between regular gas drainage and
nitrogen enhanced gas drainage. It can be seen that the performance of nitrogen enhanced
gas drainage is not as good as that of regular gas drainage in the initial stage, as shown in
Figure 8.7. In the first three days, the CO2 content between these two boreholes is much
higher than that in nitrogen enhanced gas drainage case except the small area near the
injection borehole. After a certain period of time (in this case six days), the performance
of nitrogen enhanced gas drainage exceeds the regular gas drainage, as shown in Figure
8.7(c) and Figure 8.7(d). In this figure, the integral of different curves represents the
residual CO2 that exists in the coal seam after gas drainage (regular gas drainage or
nitrogen enhanced gas drainage). Hence the black areas plotted in the figure can be
explained as the difference of gas drainage performance between regular gas drainage and
nitrogen enhanced gas drainage. Here, four parts are observed: S1, S2, S3 and S4. We
mainly discuss the area between the injection borehole and the production borehole (refer
to S2 and S3). S2 refers to the flushing zone (FZ). With the nitrogen injection, a large part
of CO2 in this area is rapidly flushed and migrants towards to the production borehole. As
a result, the CO2 content in this area is less than that in the regular gas drainage case. A
portion of the CO2 is drained out of the coal seam near the production borehole while the
CO2 gas migrated from the FZ accumulates here. Hence, in this area, the CO2 content is
higher than that in the regular gas drainage case and we define this area as accumulation
zone (AZ). From Figure 8.7, it can be seen that with the injection time increase, the FZ
expands and the AZ shrinks, which means the nitrogen enhanced gas drainage is more
effective in the later period of time. It is also noted that on the left side of the injection
borehole and on the right side of the production borehole, the performance of nitrogen
enhanced gas drainage is worse than the regular gas drainage (refers to S1 and S4 in Figure
8.7). The CO2 content is higher in nitrogen enhanced gas drainage case along the whole
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process. It can be concluded that nitrogen enhanced gas drainage has poor performance
in this area.
Figure 8.8(a) shows the residual CO2 content at the evaluated point variations against time
and Figure 8.8(b) shows the pure CO2 flow rate at Borehole 2. It can be observed that at
the evaluated point, CO2 content varies significantly in different drainage processes. In
N2 enhanced gas drainage case, a linear decrease of the CO2 content is observed from the
start to almost 15 days and this value decreases to zero at the end. For regular gas drainage
case, the CO2 content decreases gradually and the dropping rate decreases, which means
the drainage efficiency is decreasing along the whole process. It is also noted that in the
first five days, the CO2 content is lower in the regular drainage case and this also validates
our conclusion obtained in Figure 8.4. At this stage, the evaluated point drops in the AZ
and with the injection time increasing, the FZ expands. After 5 days, the evaluated point
drops in the FZ. The performance of N2 injection enhanced gas drainage is much better
than the regular gas drainage. Specifically, after 15 days’ drainage, the CO2 content in
regular gas drainage is approximately 14.5 m3/t while in N2 enhanced gas drainage case,
this value almost approaches zero. From Figure 8.8(b), it is observed that in most of the
drainage history, N2 injection enhanced gas drainage has a higher pure CO2 flow rate case.
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(a) 2 days’ drainage; (b) 3 days’ drainage; (c) 6 days’ drainage; (d) 15 days’ drainage.
*Black area represents the difference of drainage performance between regular drainage
and nitrogen enhanced gas drainage.
Figure 8.7 Comparison of CO2 content between regular gas drainage and nitrogen
enhanced gas drainage.
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Figure 8.8 Comparison of residual CO2 content and flow rate with and without nitrogen
injection

238

3.0x10-16

Permeability (m2)

2.8x10-16
2.6x10

6d
18d
12d
24d
30d

-16

2.4x10-16
2.2x10-16
2.0x10-16
1.8x10-16
1.6x10-16
0

2

4

6

8

10

12

14

16

Distance (m)

(a) Regular gas drainage case.

3.5x10-16

6d
12d
18d
24d
30d

Permeability (m2)

3.0x10-16

2.5x10-16

2.0x10-16

1.5x10-16
0

2

4

6

8

10

12

14

16

Distance (m)

(b) N2 injection enhanced gas drainage case

Figure 8.9 Permeability variation after different drainage time.
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Figure 8.9 shows the permeability variation after different drainage time in regular gas
drainage case and N2 injection enhanced gas drainage case. In both cases, the permeability
shows an increase trend. The permeabilities vary in different locations. For the regular
gas drainage case, it can be seen that the permeability close to the borehole is higher than
that far away from the borehole. For the coal seam between the boreholes, the
permeability at the middle point is the lowest. Different patterns are found in N2 enhanced
gas drainage case. Between the injection borehole and the production borehole, the
permeability shows a decrease trend from left to right (injection borehole to production
borehole). It can be also observed that the permeability during nitrogen flushing is higher
than that of the regular drainage. For example, after 6 days’ drainage, the permeability
ranges from 0.18 mD to 0.24 mD (regular gas drainage case) and for N2 enhanced gas
drainage, this value ranges from 0.2 mD to 0.35 mD. After 30 days’ drainage, the
permeability for regular gas drainage is between 0.22 mD and 0.3 mD. For N2 enhanced
gas drainage, the permeability shows a linear decrease from left (0.34 mD) to right (0.31
mD). CO2 adsorption induced coal matrix swelling has a negative impact on the coal seam
permeability. In the gas drainage process, the CO2 content is reduced and as a result, the
impact of coal matrix swelling is reduced and the coal seam permeability increases, as
shown in Figures 8.5 and 8.6. Aside from the influence of adsorption swelling of CO2,
another key parameter that affects coal seam permeability is the effective stress. During
the process of drainage, the gas pressure drops and the ground stress keeps constant, hence
the effective stress is higher comparing with the original state. This effect reduces the coal
seam permeability. The permeability change in Figure 8.9 is the combination of these two
effects: adsorption induced coal matrix swelling and effective stress. The permeability
increase induced by coal matrix shrinkage is larger than the reduction induced by the
effective stress increase. For N2 injection enhance gas drainage process, the injected N2
stays in the coal seam. As a result, the increase of effective stress is smaller than that in
the regular gas drainage process. This is the reason why permeability increase is more
significant in N2 injection enhanced gas drainage process. At the end of N2 flushing, the
coal seam gas is almost entirely flushed out of the coal seam and N2 stays in the coal seam
with the pressure decreasing from the injection borehole to the production borehole.
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Hence the coal seam permeability shows a linear decrease from left to right, as shown in
Figure 8.9(b) (30 days’ curve).
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Figure 8.10 Gas concentrations at the production borehole
Gas concentration at the production borehole is another important parameter to evaluate
the flushing efficiency. Figure 8.10 shows the gas concentration of the produced gas
during the N2 enhanced gas drainage process. This curve has a similar trend with our
laboratory experiment data as explained in previous chapters: N2 shows an increase trend
and CO2 has a decrease trend. The N2 breakthrough time is about two days. At the end of
the flushing process, the CO2 percentage is still very high, almost 18%, which is quite
different from the laboratory test. One possible reason is that, in laboratory case, only a
small coal sample is used and the amount of in situ gas is limited. But for this case, a
much larger coal seam is modeled and the coal seam gas content is higher. From Figures
8.5, 8.6 and 8.7, we know that the targeted flushing zone is located between the injection
borehole and the production borehole. The coal seam near the boundary is less affected
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by the N2 injection process and the CO2 content is much higher than that in the targeted
zone. At the end of the flushing process, a large amount of CO2 still stays in this zone.
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Figure 8.11 Gas flow rate at the production borehole against time
Figure 8.11 shows the pure gas flow rate at the production borehole against time. It can
be seen that the pure CO2 flow drops gradually and the nitrogen flow has an opposite
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trend. At the end of flushing, the flow rate of nitrogen is almost constant. Also, from the
total gas volume curve, the nitrogen consumption increases linearly due to the constant
injection pressure (in this case, 4 MPa). But for CO2, its total production will be constant.
The CO2 in the targeted zone is totally flushed out and the CO2 from other zones will
contribute little to the total CO2 production.
Based on the final CO2 content contour of N2 injection enhanced gas drainage
(Figure 8.5(d) and Figure 8.7(d)), we obtain the distribution of different zones in the coal
seam after N2 injection, as shown in Figure 8.9.

Figure 8.12 Distribution of different zones in the coal seam for N2 enhanced gas
drainage case
On the left side of the injection borehole is the un-flushed zone, which is defined based
on the CO2 content (in this zone, CO2 content is nearly no change compared with in situ
CO2 content). Minor-affected zone, its CO2 content approximately 20 m3/t, locates in the
right side of the production borehole. It is also noted that a semi-circle shaped zone locates
between the targeted zone and the un-flushed zone, and injection borehole is the center of
the semi-circle with a radius of 1 m. Based on this distribution, the total volume of CO2
origins from the targeted zone can be calculated. The gas recovery ratio in targeted zone
is approximately 93%, and the ratio of N2 consumption/ CO2 production is 2.6. These
numbers are promising and inspiring (for regular gas drainage process, after the same
drainage time, the gas recovery rate is 42%). It should be pointed out that the ratio of N2
consumption/CO2 production is obtained under ideal case conditions. In the field case,
some other factors need to be considered, including faults existing in the coal seam, the
quality of the boreholes (both injection borehole and production borehole), gas leakage
on the coal seam boundary, etc. while they are not considered in our simulations. As a
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result, in the field case, this ratio could be larger than the number obtained from numerical
simulations.

8.4. Effect of coal seam permeability
Permeability plays a significant role in the gas drainage process and it can determine the
efficiency of the gas drainage. In low permeable coal seam, it takes much longer to reduce
the gas content below the threshold limit value (TLV). This parameter can also determine
the success or failure of the N2 enhanced gas drainage. In this section, N2 injection
enhanced gas drainage is simulated under different permeability condition: 0.18 mD, 0.09
mD and 0.018 mD.
Gas content is evaluated at the middle point between the injection borehole and the
production borehole and the variation in different permeability cases are plotted in Figure
8.10. It can be seen that the in all three cases, linear decreases are observed. If 5 m3/t is
used as the TLV, it takes about 10 days to reach this level in 0.18 mD case. For 0.09 mD
and 0.018 mD cases, it takes 20 days and 90 days respectively. Permeability has a
significant impact on the management of gas drainage.
For the gas flow rate, in low permeability case, small flow rate is observed. Specifically,
in 0.018 mD case, the initial flow is 12 L/min and this rate becomes stable after 10 days’
flushing, about 5 L/min. For higher permeability scenario, the reducing speed is faster.
For example, the initial flow rate is 48 L/min for 0.18 mD case. After 25 days’ flushing,
it drops to 5 L/min (a decrease of 80%), as shown in Figure 8.14. Comparing with
Figure 8.12, it can be concluded that most of the CO2 has already been flushed out of the
coal seam and it is easier to drain out CO2 in higher permeability condition. The flow rate
drops quickly and in the later period of time, the flow rate is very small.
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Figure 8.13 Comparison of residual CO2 content at the evaluated point under different
permeabilities
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Figure 8.14 Comparison of CO2 flow rate at the production borehole under different
permeability case conditions

8.5. Effect of nitrogen injection pressure
The effect of N2 injection pressure is investigated in this section. Different injection
pressures (3.5 MPa, 4 MPa and 4.5 MPa) are applied at the injection borehole. Figure 8.15
shows the gas content at the evaluated point. These results are expected and reasonable.

245

Higher injection pressure can promote the decrease of CO2 content in the coal seam. It
takes 9 days in 4.5 MPa injection case to reduce the gas content level to 5 m3/t. For 4 MPa
and 3.5 MPa injection cases, the required time is 11 days and 13 days respectively.
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Figure 8.15 Comparison of residual CO2 content at the evaluated point under different
N2 injection pressure
Figure 8.16 shows the gas flow rate from the production borehole. Different CO2 flow
rates (e.g. at the beginning, 60 L/min for 4.5 MPa injection case, 42 L/min for 3.5 MPa
injection case) are observed in the first 10 days. After that, the CO2 flow rate becomes
very similar (less than 1 L/min) in different cases. But for N2 flow rate, its value changes
significantly.
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Figure 8.16 Comparison of CO2/N2 flow rate at the production borehole under different
N2 injection pressure conditions
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Figure 8.17 Comparison of N2 consumption and CO2 production under different N2
injection pressures
Figure 8.17 shows the N2 consumption rate and the CO2 production rate under different
N2 injection pressures. With the increasing N2 injection pressure, the increase of
accumulated CO2 production is much smaller than the increase of the accumulated N2
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consumption. Specifically, the ratio of N2 consumption/CO2 production is 2.2, 2.6 and 3.3
in 3.5MPa, 4MPa and 4.5MPa of injection pressures, respectively. (The volume of CO2
production refers to the CO2 gas originated from the targeted zone) With the increase of
the injection pressure, the volume of N2 consumption increases significantly while the
CO2 production increase is limited.

8.6. Effect of borehole space
The effect of borehole space is investigated in this section. Different borehole spaces (5 m,
7.5 m and 10 m) are modelled with other parameters keeping constant. Figure 8.18 shows
the residual CO2 content at the evaluated point with different borehole spaces. It can be
found that with the increasing borehole space, the CO2 content decrease more slowly.
When the borehole space increases to 7.5 m, it takes almost 21 days to reduce the CO2
content below the TLV. For the 10 m borehole space case, it requires 39 days to reach
TLV.
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Figure 8.18 Comparison of residual CO2 content at the evaluated point under different
borehole space case conditions
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Figure 8.19 shows the gas flow rate of the production borehole. It can be seen CO2 flow
rate has a small variation in the first 10 days and then, the flow rate drops more rapidly in
shorter borehole space case. Because the targeted flushing zone is the coal seam between
production borehole and injection borehole, the total volume of CO2 existing in the
targeted zone is larger in long borehole space case.
Figure 8.20 shows the total volume of CO2 production and N2 consumption. The ratio of
N2 consumption/CO2 production is 2.2, 2.0 and 1.7 in borehole spaces of 5 m, 7.5 m and
10 m respectively. This ratio increases with borehole spacing. It is easy to understand: N2
has a longer travel route if the borehole space is larger. During the N2 migration in the
coal seam, it has a larger impact on the existing CO2.
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Figure 8.19 Comparison of CO2/N2 flow rate at the production borehole under different
borehole space case conditions
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Figure 8.20 Comparison of N2 consumption and CO2 production under different
borehole space case conditions
It can be concluded that borehole space has great impact on the performance of N2
enhanced gas drainage. More time is required to reduce the gas content below the TLV,
but the utilization level of nitrogen increases.

8.7. Effect of borehole diameter
Figures 8.21 and 8.22 show the influences of borehole diameter. In this study, 72mm,
96mm and 120mm of borehole diameters are used. As shown in Figure 8.18, the residual
CO2 content and the CO2 flow rate of the production borehole are very close in all cases.
Borehole diameter has minor impact on the performance of N2 injection enhanced gas
drainage. It should be remembered that the borehole quality is considered all the same in
different borehole diameter scenarios: borehole is intact. In field practices, the borehole
quality is affected by the coal seam geology, borehole diameter, ground stress, etc. Also
a larger borehole diameter could release the stress around the borehole, and more cleats
would be created and increase the permeability around the borehole.
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Figure 8.21 Comparison of residual CO2 content at the evaluated point under different
borehole diameter case conditions
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Figure 8.22 Comparison of CO2 flow rate at the production borehole under different
borehole diameter case conditions

8.8. Effect of coal seam thickness
In this section, different coal seam thickness (3 m, 4 m and 5 m) is used in the simulation.
Figure 8.23 shows the residual CO2 content against time in different cases. It can be seen
that in 5m case, almost 12 days are required to reduce the gas content to below TLV. For
4m case, it takes 11days. It was found that the coal seam thickness has a negative impact
on the efficiency of the N2 enhanced gas drainage, but this effect is marginal.
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Figure 8.23 Comparison of residual CO2 content at the evaluated point under different
coal seam thickness case conditions
From gas flows rate aspect, as shown in Figure 8.24, with the increase of coal seam
thickness, the CO2 flow rate increases. There is not much influence for N2 flow in the first
12 days, while afterwards, 5m thickness case has the maximum N2 flow.
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Figure 8.24 Comparison of CO2/N2 flow rate at the production borehole under different
coal seam thickness case conditions

252

Figure 8.25 Contour of CO2 residual content (m3/t) in different coal seam thickness case
at the time of 10 days. a) coal seam of 5 m. b) coal seam of 4m. c) coal seam of 3m
Figure 8.25 shows the comparison of residual CO2 content in coal seams with different
thickness. It can be found that in the targeted zone, CO2 content drops faster in thinner
coal seam. But the flushing zone is wider in thick coal seam ( blue area is larger in coal
seam thickness of 5m case). From this figure, it is easily to understand why CO2 flow rate
is higher in 5m coal seam case (The nitrogen flushing zone is much larger in 5 m case,
hence the CO2 production flow rate is higher). From this comparison, we conclude that in
larger thickness coal seams, the flushing zone is larger but it takes longer time to reach
the TLV. Coal seam thickness has impact on the nitrogen enhanced gas drainage.

8.9. Effect of borehole patterns
In the above study, only one production borehole is used. In the field application, the
injection borehole and production borehole will be arranged alternately. In this section,
two boreholes are used as production borehole as shown in Figure 8.26. The borehole in
the middle of the production boreholes is the injection borehole. Borehole 1 and Borehole
3 are the production boreholes. The evaluated point is located in the middle between
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Borehole2 and borehole 3. The space of each borehole is 5m and coal seam thickness is
3m. Other parameters keep the same as previous investigations.

Figure 8.26 Geometry of the improve simulation model

Figure 8.27 CO2 content changes at different drainage time. a) 2 days b) 3 days c) 6
days d) 15 days
From Figures 8.27 and 8.28, it can be seen that the CO2 content shows a symmetric
distribution. The right part of the figure is similar to the curves of single production
borehole in Figure 8.6.The performance of the double production boreholes is similar to
single production borehole, however, the flushing zone is larger(between 5m to 15m).
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Figure 8.28 CO2 residual content curves on the reference line AB.
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Figure 8.29 Comparison of CO2/nitrogen flow rate at the production borehole under
different production boreholes case conditions
From Figure 8.29, it can be found that both the nitrogen flow rate and the CO2 flow rate
are very close in these two cases. The left production borehole has little impact on the
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right production borehole. Since the CO2 content at the reference line shows a symmetric
distribution, the flow rate at Borehole 1 has the same curves as the Borehole 2. The
flushing zone is twice larger than the single borehole. Hence the injection borehole has a
higher utilization ratio. In the field practices, this borehole pattern is more efficient.

8.10.

Summary

The binary gas migration model is used to describe the gas molecular movement in the
nitrogen injection enhanced gas drainage process. The performance of nitrogen injection
enhanced gas drainage is investigated and how different parameters affecting it are studied.
The findings are concluded as follows:


Nitrogen flushing can significantly improve the efficiency of gas drainage, compared
with regular gas drainage. For regular gas drainage, the residual CO2 content shows
a flat curve, which means it is difficult to reduce coal seam gas content in the later
period. But for nitrogen flushing process, almost a linear decrease is observed and
the required time is much shorter. Specifically, in the simulation case, the essential
time to reduce the gas content below the TLV, for regular gas drainage is 45 days and
for nitrogen flushing is only 15 days.



Based on the gas content in the coal seam in nitrogen injection enhanced gas drainage
process, the distribution of different zones is observed. The targeted zone is located
between the injection borehole and the production borehole. Flushing zone and
accumulation zone are observed. With the flushing process going, the flushing zone
expands and the accumulation zone gradually vanishes.



Simulations are conducted under different parameters conditions and key parameters
are found. Permeability and borehole space have significant impact on the
performance of nitrogen flushing. In high permeability coal seam or small borehole
space case, good performance is achieved. Borehole diameter and nitrogen injection
pressure have minor impact on the performance. The impact of coal seam thickness
on the performance is moderate. In thicker coal seams, it takes slightly longer time to
reduce gas content below TLV but the ratio of nitrogen consumption/ CO2 production
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is smaller. In addition, the pattern of double production boreholes has a higher
utilization ratio of borehole and achieves a better performance.

257

9. CONCLUSIONS AND RECOMMENDATIONS
9.1. Conclusions
In this study, laboratory experiments, numerical modelling and field trials of N2 injection
enhanced coal seam gas recovery were conducted. The gas migration model during N2
injection was proposed. This model can precisely illustrate the N2 flushing coal seam gas
process. The free gas existing in the coal fracture system is firstly flushed out by N2. The
partial pressure of the coal seam gas drops and the sorption equilibrium is interrupted.
With the continuous injection of N2, the desorption process of coal seam gas is enhanced.
As a result, gas drainage performance is improved and the efficiency is enhanced by N2
injection. The detailed conclusions are summarized from laboratory experiments, field
trials and numerical modelling.
9.1.1. Sorption characteristics of the studied coal
The coal samples were collected from the coal mine where field trials of N2 flushing coal
seam gas were conducted. A series of adsorption tests and sorption-induced strain tests
were conducted. The studied coal sample has the largest adsorption capacity of CO2,
among these three gases (CO2, CH4 and N2). At the same adsorption equilibrium pressure,
the adsorption volume of CO2 is approximately 2 - 3 times larger than the adsorption
volume of CH4, 5 - 7 times larger than the adsorption volume of N2. Meanwhile, a linear
relationship between the adsorption volume and adsorption-induced matrix swelling is
observed under low adsorption equilibrium pressure condition (0 – 4 MPa in this study).
It is suggested that the adsorption induced matrix swelling effects become weaker with
N2 injection while the effective stress of the coal seam is unchanged. The coal
permeability shows an increase trend. Compared with coal seam gas, coal has weaker
adsorption characteristics to N2, which represents that the feasibility of N2 injection
enhanced coal seam gas recovery is not due to the sorption characteristics. In other words,
the N2-enhanced mechanism is not the same to that of CO2-enhanced. Most of the injected
N2 will flow out of the coal seam rather than stay inside of the coal seam as adsorption
phase.
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9.1.2. Laboratory experiments of N2 flushing enhanced coal seam gas
recovery
The cylinder coal sample with the dimension of 54 mm in diameter by 112 mm in length
was used to do the laboratory experiments of N2 flushing enhanced coal seam gas recovery.
Triaxial confining testing conditions were applied to the coal sample to replicate the in
situ environment of the coal seam. The N2 flushing performance was calculated based on
the gas flow rate and the variations of gas compositions. The use of N2 flushing coal seam
gas to enhance gas drainage can be an attractive option for significantly improving gas
drainage efficiency. This technology can be considered for application in hard-to-drain
coal seams especially with significant high CO2 composition.


N2 breakthrough is closely affected by the permeability and in this study
permeability is directly controlled by the confining pressure. The lower the
permeability is, the longer time is required for N2 breakthrough. Specifically, in
0.3 mD testing, the breakthrough time is 70 minutes. When the permeability drops
to 0.06 mD, 140 minutes are required for N2 breakthrough.



In N2 flooding process, a two-stage flushing process is observed. For the first stage,
the free phase CO2 is flushed out and the CO2 percentage drops significantly. In
the second stage, the original free phase CO2 is totally flushed out and desorption
CO2 is the source of the production. The percentage of CO2 is much lower than
that in the first stage, usually below 5%, and this reading decreases slowly. It is
also noted that the duration of the second stage is much longer than the first stage.



The N2 flushing performance is greatly affected by the coal seam permeability.
Much more flushing time is needed to reduce the coal seam gas content below the
threshold limit value. When the coal seam permeability is 0.3 mD, it takes 1,600
minutes. Whilst for the 0.06 mD permeability test, 24,050 minutes are required.
The gas flow rate drops sharply in low permeability test and the free gas becomes
difficult to move out of the seam. For gas diffusion process, the CO2 concentration
gradient is smaller between the matrix and fracture. Much longer diffusion time is
required for gas transfer.
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For the N2 continuous injection method, the N2 consumption/ CO2 production ratio
is much high. As mentioned in this study, most of the N2 flows towards the
production borehole. During the most of time in the test, the CO2 percentage in
the production is much lower than the N2 percentage. This ratio is as high as 1020.



For cyclic N2 injection test, in each cycle, CO2 percentage of outlet flow rebounds
from 3% - 7% to 20% - 40%. During the 20 hours’ interval, CO2 desorbs from the
coal matrix pores to the cleat system. As a result, at the beginning of the next
injection cycle, CO2 percentage rebounds significantly. The two-stage flushing
mechanism is also suitable for this study. Stage-I is from the initiate of N2 injection
to approximately 50 minutes. Free gas is the dominant production and CO2
percentage is relatively high. Stage-II happens between 50 minutes and 200
minutes. The adsorption state gas desorbs to the cleat system and is immediately
flushed out by N2. In this stage, the CO2 percentage is pretty low (usually less than
5%) and changes slightly.



The N2 consumption/CO2 production ratio is smaller for the cyclic N2 injection
method. The continuous injection method has higher flushing efficiency and larger
N2 consumption volume. The total N2 consumption volume for the continuous
injection method and the cyclic injection method are 14,400ml and 9,010ml,
respectively. The corresponded ratio of N2 consumption/CO2 production is 18:1
and 11:1.
9.1.3. Field trials of N2 flushing coal seam gas

Field trials were conducted in the Metropolitan Colliery. A total of 3,000 m3 nitrogen was
injected into the seam. Of the drilled two boreholes, one was found to have a severe
leakage problem, which subsequently presented troubles for the accurate measurement of
production gas rate and the matching of field results. The nature gas flow from production
borehole was measured, and then a four-stage of nitrogen flushing program was
conducted.
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The injected nitrogen can flow through the targeted coal seam from the injection
borehole to the production borehole. A kick-off or break-through pressure is required
and it takes some time (break-through time) to observe the response at the production
borehole; a post flushing effect has been observed after the stoppage of nitrogen
injection. Generally the injection flow rate is in proportion to the injection pressure,
while for a stable injection pressure, the flow rate drops and becomes stable with the
injection continuing.



For high permeability seam, the injected nitrogen can easily flush-out the free CO2 in
cleat system, but the CO2 percentage drops quickly, indicating the desorption rate
becomes a constraint of the flushing effect at late stage. Although the desorption rate
is a constraint for the produced CO2 percentage, the pure CO2 production rate still
remains greater at higher injection pressure;



The pulse or cyclic injection method appears to have a better flushing efficiency.
However the optimum injection mode (pressure & pulse interval) requires further
studies. The connection and configuration of nitrogen source is of great importance
to the application of the nitrogen flushing technology. Large scale of trial would
require sufficient nitrogen supply and more robust and high pressure rated connection
pipelines. Numerical simulation can match the obtained field data well and it can be
used a useful tool for predicting nitrogen flushing effect in different gas reservoir
scenarios.
9.1.4. Model development and numerical simulations

A model of binary gas migration in coal seams is developed and used to investigate the
N2 enhanced gas drainage efficiency in connection with laboratory studies. Gas
composition and residual gas content in the coal specimen are the parameters used to
evaluate the performance of the tests. The laboratory test results validated that this model
can be used to accurately describe the gas migration during N2 enhanced gas drainage
process. Different parameters including coal seam characteristics and injection methods
are studied to understand their effects on N2 enhanced gas drainage efficiency. Then this
model is upscaled to investigate the coal seam gas production via N2 injection.
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The binary gas migration model can be used to illustrate the gas migration during the
N2 enhanced gas drainage process. In comparison with the gas composition and the
CO2 residual content from laboratory tests, it can be observed that the simulation
results match the laboratory results well.



The effects of coal seam characteristics and N2 injection parameters on the N2
enhanced gas drainage efficiency are studied. It is observed that coal seam
permeability and CO2 diffusion coefficient play vital roles in this process and can
significantly affect the flushing performance. Better performances are observed in
higher permeability and higher CO2 diffusion coefficient tests. The N2 diffusion
coefficient has slight impact on the performance and these effects can be negligible.



Nitrogen flushing can significantly improve the efficiency of gas drainage, compared
with regular gas drainage. For regular gas drainage, the residual CO2 content shows
a flat curve, which means it is difficult to reduce coal seam gas content in the later
period. But for nitrogen flushing process, almost a linear decrease is observed and
the required time is much shorter. Specifically, in the simulation case, the essential
time to reduce the gas content below the TLV, for regular gas drainage is 45 days and
for nitrogen flushing is only 15 days.



Simulations are conducted under different parameters conditions and key parameters
are found. Permeability and borehole space have significant impact on the
performance of nitrogen flushing. In high permeability coal seam or small borehole
space case, good performance is achieved. Borehole diameter and nitrogen injection
pressure have minor impact on the performance. The impact of coal seam thickness
on the performance is moderate. In thicker coal seams, it takes slightly longer time to
reduce gas content below TLV but the ratio of nitrogen consumption/ CO2 production
is smaller. In addition, the pattern of double production boreholes has a higher
utilization ratio of borehole and achieves a better performance.

9.2. Recommendations
Further research is recommended to be conducted as follows:
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Nitrogen injection enhanced gas mixture recovery needs further study. Pure CO2
is used for the gas adsorption process in the laboratory experiments. From filed
observations, the coal seam gas composition changes in different locations. For
example, in the Metropolitan colliery, the CO2 percentage varies from 10% to 99%.
In the future study, gas mixture of CO2 and CH4 can be used to do the saturation
process. Gas composition would have impacts on the performance of N2 injection.
Because CO2 and CH4 have different adsorption affinities to coal, the gas
percentage in the production gas flow will be different. The binary gas migration
model proposed in this study will not be suitable to describe the flushing
mechanism. A ternary gas migration model is required.



The impact of moisture on the flushing performance needs further study. In this
study, dry coal samples were used to do the adsorption tests and the flushing tests.
In some cases, the coal seam contains much water. Wet coal samples should be
used in the future studies and the two phase flow theory should be considered in
the future models. Water has a negative impact on the gas sorption capacities. The
ECBM process is also impacted by moisture.



The gas diffusion variations during N2 injection need to be researched. From this
study, in the second stage of N2 flushing, CO2 diffusion time is the critical
parameter that governs the flushing efficacy. The gas diffusion is a concentration
driven process. With the depletion of the CO2 in the coal matrix, the gas diffusion
process is affected. Meanwhile, the presence of N2 in the coal fracture system will
have an effect on the CO2 diffusion process. This effect is also needed further
study.



The counter-diffusion process between coal seam gas and injected gas needs to be
further researched. Most of the theoretical models are based on the constant
diffusion coefficients obtained by single gas diffusion tests or competitive
adsorption tests. In ECBM or enhanced gas drainage process, the gas diffusion
coefficient is different from that of competitive adsorption. The gas moving
directions are opposite: the adsorbed coal seam gas diffuses out of the coal matrix
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while the injected gas diffuses into the coal matrix. This counter-diffusion process
needs further research.


Experiment testing of large coal samples can be considered. In this study, the small
coal cylinder (54 mm in diameter by 112 mm in length) is used for flushing tests.
The boundary impacts need to be considered. If a larger coal sample can be used,
new findings on the size will be found.
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APPENDIX A
Coal gas content reports for Borehole GME3247
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APPENDIX B
Event log record of field trials:
Flushing Stage 1

Time

Action

8:40

Start injection
Find leakage on
standpipe, stop
injection
Restart injection
Increase flow
Increase flow
Increase flow
Take off flow
meter increase
injection
pressure to
1250KPa
Change injection
to production
hole to test
blockage
(5mins), no
pressure change

8:45
10:04
10:24
10:44
10:55

11:10

11:20
11:25

11:40

Nitrogen
pack outlet
pressure
(KPa)

Nitrogen
pack
pressure
(MPa)

Flow
meter
Reading
(injection)
(LPM)

250

29

187

Gauge
pressure
on
Injection
borehole
(KPa)
-

-

-

-

-

750
1000

29
27.5
25.5
23.5

85
200
300
350

-

1000

21

350

-

1250
1250

20
18.5

-

150~200

-

1500

17

-

Initial
100,
quickly up
to 260
after
injection
260
280

-

12:00

Change back to
injection hole

1000

-

-

12:06
12:20

-

1000
1000

13.5
11

-

283

Production
flow
observation

-

-

-

12:36

Increase outlet
pressure to
1500KPa
-

12:47

-

12:31

13:25
13:35
13:43
13:57
14:15
14:28
14:44
14:52
15:02

Change to new
pack (31MPa),
start at 1.5MPa
outlet pressure
Stop injection

Time

Actions

8:00
8:25
8:45
9:05
9:25
9:45
10:05
10:30
11:00
11:07
11:20

Start

13:10

1000

9.8

-

295

1500

8.5

-

340

1500

-

-

350

800

1

-

270

-

375
380
395
398
400
400
360
340
310

1500
1500
1500
1500

26
24
20.5
17
12.5
10
1100
7
1000
4
750
2.5
Flushing Stage 2

Pack outlet
pressure (KPa)

300
250
200
200
150
150
150
100
100
100

Borehole
pressure
(KPa)
110
130
120
120
120
120
120
270
247
280

Flowmeter
reading
(LPM)
190
170
130
120
120
110
110
370
360

284

Pack
pressure
29
28
27
25
23.5
22.7
21.5
21
16
14.5
12.5

Found
water
inside the
production
tube,
disconnect
the tube,
felt
production
flow
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Nitrogen
flow
(LPM)
0.6
1
1.5

11:40

950

281

350

9.5

12:00

950

280

330

6.5

12:20

800

280

300

3.5

12:40

13:20
13:30
13:45

Stop to
look for
Q1 Kit
Restart

out of
range
out of
range
out of
range

1000
1000

240
280

360

32
29.5
26

1200

300

-

22

No
response

14:10

1200

320

-

21

14:25

1250

335

-

18

No
response
No
response

14:05

Try to
use Q1
kit
take off
flow
meter

1
1.2

Flushing Stage 3
* ②means pack number 2 was used
* OOR means out of range
* GS1 means gas sample 1, the following time (Min:Sec) indicates the period of filling full
sample bag (4.5L)

Time

08:00

09:10
09:13
09:17

Action

Installation of
water injection
packer, the
packer (1.5m)
was pushed to
24m position
from the drilling
collar, left 12.5m
open borehole
Start injection
Step 1
100Kpa injection

Nitrogen
pack outlet
pressure
(KPa)

Nitrogen
pack
pressure
(MPa)

Flow
meter
Reading
(injection)
(LPM)

Gauge
pressure
on
Injection
borehole
(KPa)

Production
flow (LPM)

-

-

-

-

None

400
400

②14
-

270
200

80
110

None
None
None
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09:24
09:39
10:00
10:20
10:40

300
250
200
200
200

②11
②10

185
160
150
130
110

120
120
120
120
120

None
None
None
None
None

1000

-

OOR

200

None

②8
-

360
320

220
230

None
None

②5.5

360

230

None

②3

290

230

0.2

②2

230

210

③31

OOR

220

0.3

③27.5

OOR

280

1.0

③24

330

260

1.5 (GS1)

12:43
13:02

1000
800
1000
(increased)
700 (pack
pressure
low)
600(pack
pressure
low)
1000 (new
pack change
over)
1000
800
(reduced)
800
800

③19
③17

320
320

270
270

13:25

800

③14

320

280

13:45

800

③11

310

280

14:00

800

③9.5

310

280

OOR
OOR
GS2
(sample
bag
method
used)
1:15&1:18
GS3
1:15&1:05
GS4
1:10&1:05

③8.2

get rid of
flow
meter

300

-

③3.8

-

300

GS5
1:00&0:55

③1.8

-

260

④30.5

-

300

11:00

Increase
injection
pressure

11:10
11:15
11:20
11:30

11:40

11:45
12:00
12:20

14:12

14:28
14:43
14:46

Step 2
250KPa injection

Increase
pressure

1300
1100 (pack
pressure
low)
700
1600
(change
over new
pack)
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15:00

GS6
1:00&0:55
GS7
0:50&0:53

1700

④24

-

380

1800

④19

-

400

1600
1000 (pack
pressure
low)
700(pack
pressure
low)
1800(change
over new
pack)

④11

-

400

④7

-

350

GS8
0:25&0:27

④5

-

300

GS9
0:27&0:27

⑤31

-

17:01

1800

⑤21

-

430

17:23

1800

⑤15.5

-

440

⑤10

-

390

⑤7

-

340

⑥30.5

-

-

⑥20.5

-

440

-

460
460

30 (large
flow meter
used)
33
GS15 35

-

-

-

-

-

-

-

430
440
440

GS16 31
33
GS17 31s

15:20

Step 3
400KPa injection

15:47
16:12

16:31

16:36

Increase
pressure

1400(pack
pressure
low)
1000(pack
pressure
low)
2000(change
over new
pack)

17:45

18:05

18:13

18:33

Maximum flow
injection

18:46
19:00

19:06

19:11
19:25
19:40
20:00

Stop injection

2000

2000
⑥16.5
2000
⑥13
change over
new pack
found
leakage of
pack ⑦
1600
(change
⑧31
over new
pack)
1800
⑧26
1800
⑧20
1800
⑧14
Flushing Stage 4
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GS10
0:25&0:20
&0:26
GS11
0:20&0:20
GS12
0:22 &
0:22
GS13
0:23 &
0:23
-

Nitrogen pack
outlet
pressure
(KPa)

Nitrogen
pack
pressure
(MPa)

Gauge pressure
on Injection
borehole
(KPa)

Production
flow (LPM)

-

-

-

GS1 3min
2.7L

1000

⑤6.7

-

10:25

800

⑤6

160

10:40

600

⑤4.5

160

10:50
10:52

400
1500

⑤3.5
⑥12

150
-

⑥9.5

320

1300

⑥9.5

100

1000

⑥6

260

-

⑥5.5

260

12:10

-

⑥5.5

100

12:30

-

⑥4

200

1500

⑧15.5

-

12:50

1500

⑧10.5

340

13:11

1000

⑧7

300

700

⑧5

270

Time

10:13
10:15

11:03
11:26

Action
Arrive site, get
the first sample
before injection
Start injection

Pack change over
Stop injection for
pulse test
Resume injection

11:45
11:50

12:35

13:25

Stop injection for
pulse test

Change over to
pack 8

Stop injection
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GS2 3min
3.24L
GS3 3min
4.1L

GS4 1min
5L
GS5 1min
4.1L
GS6 1min
5L

GS7 1min
4.2L
GS8 1min
4.8L

GS9 30s
4.6L
GS10 30s
5L
GS10 20s
4L

APPENDIX C
Gas content report of borehole GME 3853 (after N2 flushing)
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